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Summary 
Emerged as a new class of hybrid crystalline porous materials, metal-
organic frameworks (MOFs) have received tremendous interest over the last 
two decades. They can be synthesized by judicious selection of metal-ion 
based clusters and polytopic organic linkers, and further modified by post-
synthetic methods. There exists a large degree of freedom to tune the 
structures and functionalities of MOFs; however, experimental evaluation of 
their properties and performance is tedious and time-consuming. With rapid 
growth of computational resources, molecular modeling has become robust for 
materials characterization, screening and design. It can provide microscopic 
insights that otherwise are experimentally inaccessible, and bottom-up 
guidelines toward the selection and design of MOFs for potential applications. 
The objective of this thesis is to examine functionalized MOFs for two 
important applications, CO2 capture and biofuel purification.  
For CO2 capture, multi-scale modeling was first adopted to examine the 
effects of functional groups on CO2/N2 separation in MIL-101. The selectivity 
of CO2/N2 and the breakthrough time of CO2 were found to improve 
dramatically by functionalization, especially with –NH2 group. Then, CO2 
capture was investigated in a series of rht-MOFs. Based on the best performed 
Cu-TDPAT, a new structure (Cu-TDPAT-N) was proposed by substituting 
phenyl rings in Cu-TDPAT by pyridine rings. The Cu-TDPAT-N was 
demonstrated to possess improved CO2 separation performances. In addition 
to introducing N atoms into existing MOFs, Zr-based MOFs with N-rich 
tetrazolate linkers were further designed. The Zr-tetrazolate MOFs exhibited 
better CO2 adsorption performances than their carboxylate counterparts. The 
structure-property relationships suggested that MOFs with modest gravimetric 
ix 
 
accessible surface area and largest cage diameter, moderately high isosteric 
heat at infinite dilution but small void fraction could yield the best selectivity 
for CO2/N2 and CO2/CH4 mixtures. This set of studies offers microscopic 
insights into CO2 adsorption and separation, and provide guidelines toward 
future design of MOFs for high-performance CO2 capture.  
For biofuel purification, the effects of force fields, atomic charges and 
framework flexibility were firstly examined for adsorption of four normal 
alcohols in ZIF-8. Among three force fields, DREIDING was identified to 
agree the best with experiment; while framework charges and flexibility had 
negligible effects. Then, simulations were performed for biofuel 
(ethanol/water mixtures) purification in ZIFs with different functional groups. 
Hydrogen bonding was shown to have an important effect on the adsorption. 
For ethanol/water mixtures, selectivity was determined primarily by 
framework hydrophobicity as well as cage size. Among six ZIFs (ZIF-8, -25, -
71, -90, -96 and -97), ZIF-8 exhibited the highest selectivity. In addition, to 
exclude the complex influence of topology, biofuel purification in five 
isoreticular GME ZIFs was examined. ZIF-79 with hydrophobic –CH3 groups 
showed the highest selectivity for ethanol/water mixtures. This set of studies 
suggests that hydrophobic ZIFs with non-polar functional groups are 
promising candidates for biofuel purification. 
In summary, microscopic insights into CO2 capture and biofuel 
purification in MOFs are provided from this thesis. The in-depth quantitative 
understanding is helpful to better elucidate the adsorption behaviour of CO2 
and alcohols in MOFs, and would facilitate the molecular engineering of new 
porous materials for potential applications.  
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 Introduction 
1.1 Metal-Organic Frameworks 
In the last decade, metal-organic frameworks (MOFs) have emerged as a 
new family of hybrid crystalline porous materials.1 They are generally built 
from inorganic metal clusters and organic linkers (building blocks) to form 
infinite and uniform crystalline structures. Comparing to traditional porous 
materials such as zeolites and activated carbons, the structures of MOFs can 
be readily tailored via changing metal clusters and/or organic linkers, as well 
as through post-synthetic modifications such as functionalization or metal 
doping. Thus, a vast variety of MOFs with different pore shapes, dimensions 
and functionalities can be synthesized. Consequently, MOFs have been 
considered as versatile materials and attracted great attentions for potential 
applications in storage, separation, catalysis, etc.2 Till today, over 38,000 
MOFs have been reported and catalogued in the Cambridge Structural 
Database (CSD).3 Nevertheless, these MOFs represent only a small portion of 
all possible MOFs due to unlimited number of metal and linker combinations.  
 
 
Chapter 1  
2 
 
  
Figure 1.1 Percentage of publications for MOFs in papers studying materials. 
(Data are from Scopus by searching “metal organic framework” in article title, 
abstract and keywords, and divided by the number of papers with “material” in 
article title, abstract and keywords on 18 October 2015. The number for year 
2015 is projected from existing number to the whole year.) 
Figure 1.1 shows the percentage of publications for MOFs among all 
publications on materials in the past 15 years, indicating the rapidly growing 
interest in this field. Despite the large number of MOFs synthesized, rational 
design and directional tailoring are highly desired for specific applications, 
instead of random exploring and creating general MOFs. 
1.1.1 Synthesis and Structures of MOFs 
MOFs are conventionally synthesized by assembling organic ligands and 
metal-containing clusters under mild conditions to form crystalline, porous 
networks. Recently, a handful of new synthetic approaches have been 
proposed under different temperatures and pressures, solvent compositions, 
reagent types and concentrations. To achieve optimized structures and 
properties for specific MOFs, these conditions should be finely tuned and 
adjusted. Meanwhile, other methods are also employed such as solution 
reaction under ambient conditions, solvothermal synthesis, sonication 
synthesis,4,5 solid state synthesis,6,7 and microwave heating.8 In most cases, 
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solvent is involved during synthesis and it thus occupies cages and channels 
within the frameworks. Only after removing the solvent by applying vacuum 
or heat, large pore volumes and surface areas are available for potential 
applications. The extraordinary porosity of MOFs usually contributes to one of 
the most attractive research motivation. In addition, their regularity, variety, 
tunability, designability and flexibility in both structures and properties further 
advocate the versatility of this special class of materials.  
Due to poor correlation between reactants and products, the structures of 
traditional porous materials such as polymers and activated carbons might not 
be able to be predicted and designed precisely. In contrast, MOFs can be 
synthesized by maintaining the integrity of their building blocks. Thus, fast 
exploration can be achieved by covalently connecting various secondary 
building units (SBUs) formed from primary blocks. This nature allows the 
structural design of new MOFs via changing SBUs without altering the 
network connectivity or even reaction condition. As shown in Figure 1.2, the 
combination of both SBUs (as connectors) and organic ligands (as linkers) 
determines the final framework topology. Most importantly, the construction 
of new MOFs with different but similar SBUs is highly reproducible. 
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Figure 1.2 Graphical illustration of the construction of some representative 
MOFs (MOF-5, HKUST-1 and PCN-222) from SBUs and linkers.9 
Reproduced with permission from The Royal Society of Chemistry.  
As one of the mostly studied MOFs, MOF-5 possesses a cubic network 
and contains tetrahedral Zn4O clusters linked with BDC (BDC = 1,4-
benzenedicarboxylate) ligands.10-12 By substituting the BDC ligands with 
various other dicarboxylate linkers, a series of MOFs with the same topology 
but differing in linker length and functionality can be developed.1,13 IRMOF-
74-I to XI series14 are another example showing the isoreticular expansion 
design pathway, as demonstrated in Figure 1.3, where the same inorganic 
metal cluster and structural network are maintained but with expanded 
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versions of the parent linker. The pore apertures of IRMOF-74 series range 
from 14 to 98 Å; particularly, 98 Å is the largest pore aperture to date reported 
in crystalline materials. Such family of isoreticular MOFs opens the possibility 
of finely tuning the pore size and functionality by altering organic linkers, 
without changing the network and connectivity.  
 
Figure 1.3 Schematic representation of the metal clusters and organic linkers 
of IRMOF-74 series.14 The one-dimensional channel represents IRMOF-74-II. 
Colour code: green polyhedron, Mg; gray, C; red, O; and white, H. H atoms 
connected to C atoms are omitted for clarity. 
In order to further improve the functionality of MOFs, post-synthetic 
modification is often implemented on organic ligands or metal clusters 
through grafting functional groups. This approach avoids destroying the bonds 
formation between metal clusters and organic linkers during synthesis, since 
many functional groups possess high affinity with metal ions. Figure 1.4 
illustrates three types of modification namely covalent, coordinate covalent 
and their combination.15 Stock and co-workers16 illustrated a successful direct 
covalent post-synthetic chemical modification of Cr-MIL-101 using nitrating 
acid. In addition, an integration of experimental and molecular simulation 
50 Å 
7 Å 
IRMOF-74-II 
I          II        III       IV         V        VI           VII         IX           XI 
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study showed that amino functionalization on Cd(ANIC)2 (Cd-ANIC-1) and 
Co(ANIC)2 (Co-ANIC-1) dramatically increased the interaction between CO2 
and framework.17  
 
Figure 1.4 Representation of covalent (left), coordinate covalent (middle), and 
a combination of above two strategies (right) for post-synthetic modification 
of MOFs.15 Reproduced with permission from The Royal Society of 
Chemistry. 
Furthermore, generating unsaturated (open) metal sites can also create 
functional surfaces within MOFs, which in turn facilitate specific applications 
such as gas separation and storage. The open metal sites usually act as strong 
interaction centres to enhance adsorption performance, by allowing close 
approaching of guest molecules to framework surface. As one of the earliest 
discovered MOFs, HKUST-1 consists of such open metal sites by removing 
solvent after synthesis.18 The exposed Cu atoms are electron-dense parties, 
which act as Lewis acid to attract molecules with dipole or quadrupole 
moments. Many other MOFs also exhibit such a feature, including MOF-74,13 
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[Cu3(TMA)2(H2O)3]n,
18 MOF-505,19 etc. By replacing different metal ions, the 
interactions with guest molecules can be further enhanced if a right type of 
metal is selected. This approach has been demonstrated both experimentally 
and computationally on MOF-74.20,21  
Depending on the choice of building blocks, MOFs can behave differently, 
e.g. rigid or flexible. Rigid MOFs possess structural stability similar to 
conventional inorganic porous materials such as zeolite, and remain relatively 
un-deformable when environment changes. On the contrary, flexible MOFs 
undergo structural transitions upon external stimuli such as pressure and 
temperature changes, or exposed to guest molecules. This unique behaviour 
facilitates flexible MOFs suitable for certain applications, like pressure or 
temperature dependent molecular sieving, which are unachievable by 
traditional porous materials. Furthermore, the structural transformations 
during adsorption of guest molecules enable highly selective adsorption by 
flexible MOFs.22-24  
1.1.2 MOFs for Adsorptive Separations 
Adsorption in porous materials is a technically feasible and economically 
attractive approach for separations. In the past, a wide range of materials such 
as activated carbons, polymeric resins, zeolites and their derivatives have been 
tested for various separations.25,26 Nevertheless, the adsorption capacity and/or 
selectivity in these adsorbents are not satisfactory. In an adsorption process, 
the separation performance is primarily governed by adsorbent. An ideal 
adsorbent should possess a large surface area and pore volume, as well as a 
high capacity and selectivity. As a new class of porous materials, MOFs may 
lead to breakthroughs in adsorptive separations, owing to their excellent 
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porosity and tunability introduced above. With unlimited number of potential 
candidates, MOFs can be finely tuned at a molecular level toward specific 
adsorbates, which makes them promising to improve adsorptive capacity and 
selectivity, reduce energy consumption and enhance economic efficiency. In 
practical applications, regeneration of adsorbents also counts for an important 
factor. For gas adsorption, changing temperature or pressure is usually 
employed to remove adsorbed species. With regard to liquid adsorption, the 
adsorbents are normally regenerated using desorbents that strip adsorbed 
species out. In this context, MOFs for adsorptive separations are required to be 
thermally and mechanically stable, and should be able to stand for different 
solvent conditions. 
1.2 Computational Simulations for MOFs 
While MOFs can be synthesized in lab, experimental evaluation of their 
adsorption performance is tedious and time-consuming, particularly for 
mixtures. With ever-growing computational power, molecular simulation has 
become increasingly important in materials science and technology. 
Simulation can provide microscopic insights into adsorption behaviour, as 
well as bottom-up guidelines for the selection of high-performance MOFs.27 In 
addition, new MOFs can be designed, evaluated by simulation and 
subsequently tested by experiment. In recent years, a large number of 
simulation studies have been carried to examine various MOFs for different 
applications.28-32 Nevertheless, most of these studies were primarily focused 
on the adsorption capacity and selectivity of gases, rather than the 
performance in a practical situation. Besides, only few simulation studies have 
been conducted for liquid separation in MOFs. Therefore, microscopic 
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properties of liquids such as alcohols within MOFs remain elusive, and deeper 
fundamental understanding is highly desired.  
A recent research from Smit’s group implemented large scale screening of 
MOFs and other materials for methane storage.33 Hundreds of thousands of 
different materials including large varieties of existing and predicted MOFs 
were simulated to gain new insights about structure/performance relationships. 
Such screening work can provide valuable guidance for experimental studies 
by eliminating unproductive synthesis tasks and revealing exceptional 
properties. 
1.3 Needs for CO2 Reduction  
The rapid rise of atmospheric CO2 concentration by 43% (from 280 to 400 
ppm) resulting from the combustion of fossil fuels is one of the predominant 
causes for global warming.34 As shown in Figure 1.5, the earth surface 
temperature is positively correlated with atmospheric CO2 concentration. Thus, 
reducing CO2 emissions is currently a crucial issue in environmental 
protection and sustainable development. One popular solution is CO2 capture 
and sequestration (CCS) from point sources such as power plants. CCS plays a 
vital role to allow human beings to continue using fossil fuels before cleaner 
alternatives are largely feasible. Among all CO2 emissions, 44% come from 
coal-, oil- and natural gas-fired power plants.35 CO2 capture can be usually 
applied in post- or pre-combustion process. In the former, CO2 is separated 
from flue gas, which contains a large quantity of N2 (73 - 77%) originating 
from air.36 Alternatively, pre-combustion capture can be performed following 
gasification and water-gas shift reaction, where gas mixture contains mainly 
H2 and CO2. Furthermore, CH4/CO2 separation in natural gas fired power plant 
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is also necessary to upgrade natural gas for improving combustion efficiency. 
In these processes, high separation performance is desired for CO2-containing 
gas mixtures.  
 
Figure 1.5 Global annual average temperature (as measured over both land 
and oceans). Red bars indicate temperatures above and blue bars indicate 
temperatures below the average temperature for the period 1880–2012. The 
black line shows atmospheric carbon dioxide concentration in parts per million 
(ppm).37  
The more intrinsic solution to such urgent issue is to replace fossil fuels by 
renewable and environmentally benign energy sources. In the last decade, 
there has been considerable scientific and commercial interest worldwide to 
develop renewable biofuels.38 In contrast to fossil fuels, biofuels are carbon 
neutral with less emission of gaseous pollutants. They can be produced from 
the largely available biological feedstock and thus have a great potential to 
replace fossil fuels.39 It has been projected that biofuel production will 
increase by 40% from 142 billion litres in 2014 to 198 billion litres in 2023.40 
Currently, most biofuels are produced through fermentation with a low 
concentration of alcohol in aqueous medium.41,42 Thus, it is a prerequisite to 
extract alcohol from water to produce fuel-grade biofuels. Nevertheless, with 
current techniques, the separation alone was estimated to be 60-80% of total 
product cost.43 Therefore, economical biofuel purification is indispensable. 
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1.3.1 Current CO2 Capture Technologies  
Three technologies are commonly used for CO2 capture. The most widely 
implemented is absorption using aqueous alkanolamine solution,44 which has 
been well established in chemical and petroleum industries. It is accomplished 
by passing CO2-containing gas mixtures through alkanolamine solution in 
vessels or columns. This process is energy efficient and cost effective with 
satisfactory CO2 selectivity due to acid–base neutralization reaction. In order 
to avoid corrosion of the vessels, the concentration of alkanolamine is always 
kept below 40 wt%, resulting in a large volume of water inside. Consequently, 
the solvent regeneration consumes a substantial amount of energy because of 
the high heat capacity of water and relatively high destination temperature 
(over 100 °C).45 The high temperature also makes the solvent unstable, 
diminishing its lifetime.  
Another technology to separate CO2 from gas mixtures is based on 
membranes. According to different sorption and diffusion properties, high 
selectivity could be achieved for CO2 with low energy consumption. 
Nevertheless, CO2 concentration in gas mixtures is usually low, resulting in 
low CO2 partial pressure. Under such condition, membrane separation 
demands additional energy to compress gas mixtures to achieve high feed 
pressure. While achieving desired separation performance by a single-stage 
membrane is an effective way to reduce the overall cost, this is quite difficult 
to be realized using current membrane materials. Thus, it is crucial to develop 
new membrane materials for efficient CO2 separation.  
Besides the above, technology that is also widely used for CO2 capture is 
adsorption in porous materials. In adsorption, the choice of adsorbents is 
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essential. Over several decades, large varieties of porous materials have been 
explored including activated carbons, zeolites and carbon molecular sieves. 
However, they are either not sufficiently selective or difficult to be 
regenerated.46,47 Consequently, investigation of highly selective adsorbents 
with remarkable CO2 capacity and easier regeneration capability has been 
continuously carried out to achieve optimized separation performance and 
considerably low cost. Additionally, one factor that should be taken into 
account is the mechanical and temperature stability of adsorbents, since 
regenerability is a crucial requirement to lower the overall cost.  
1.3.2 MOFs for CO2 Capture 
Since the first report of CO2 adsorption in MOF-2,
48 a large number of 
experimental and simulation studies have been conducted on CO2 adsorption 
and separation in different MOFs.28,31,49-52 CO2 capacity in MOF-177 was 
experimentally measured to be 33 mmol/g, far greater than that in many other 
porous materials.53 MOFs with various linkers, pore sizes and topologies were 
computationally screened for CO2 storage and the capacity was found to be a 
complex interplay of framework density, surface area, free volume and 
porosity.54 The performance of IRMOF-8, -9, -10 and -14, Zn(BDC)(ted)0.5 
and COF-102 was simulated to examine the effect of interpenetration and 
chemical diversity on CO2 separation.
55 Microporous UTSA-16 was 
synthesized and demonstrated high uptake and selectivity for CO2 capture, as 
attributed to the optimal cages and strong binding sites for CO2.
56  
To increase CO2 uptake and selectivity, a handful of strategies have been 
proposed for MOFs such as tuning pore size/shape,57,58 exposing metal 
sites,59,60 functionalizing ligands61,62 and doping alkali-metals.63,64 In particular, 
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functionalization is a common method to tailor MOF structure and property. 
For example, a zeolitic tetrazolate framework with amino groups was shown 
high adsorption capacity for CO2.
65 Amine-functionalized MIL-101 was 
synthesized with excellent CO2 uptake.
66 Functionalization of MIL-53 was 
examined on the separation of CO2 from CH4 and alkanes.
67,68 Adsorption 
properties in UiO-66 were also found to be tunable by various functional 
groups.69-72 Chapter 2.1 gives more detailed literature review on experimental 
and computational studies on CO2 capture in a wide variety of MOFs. 
1.4 Biofuel Purification 
Since biofuels are commonly produced from biological feedstock (e.g. 
algae, miscanthus and corn), the output from fermentation usually contains 
alcohol and a large amount of water (>95%) in liquid form at ambient 
temperature and pressure. Thus, it is a prerequisite to separate alcohol from the 
mixture to produce fuel-grade biofuels. Conventionally, the most dominant 
method in industry for the separation of alcohol/water is distillation with top 
product of ethanol, which however is an energy intensive process.73 The 
process involved vaporization and condensation of liquid mixture. Under 
current technology scheme, biofuel purification alone was estimated to be 60-
80% of its total production cost.43 More importantly, ethanol water azeotrope 
limits the purity of ethanol with at least 4.5 wt% water, which is higher than 
the requirement for fuel-grade ethanol (maximum 1.18 wt% water).74 
Therefore, cheaper alternatives with higher ethanol purity are highly desirable. 
With low energy consumption and low cost, adsorption in porous materials 
is an attractive alternative for biofuel purification. This requires adsorbents 
with high adsorption capacity and stability, have a high affinity towards 
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alcohols and a low affinity for water. Nevertheless, the conventional porous 
materials such as activated carbons and zeolites are either not selective enough 
or not easy to be recoverd.75-80 Fortunately, the degree of diversity, 
multiplicity and designability in MOFs is substantially more extensive than 
any other porous materials, making them promising candidates for biofuel 
purification.  
To date, most experimental and simulation studies for MOFs have been 
focused on gas storage and separation, particularly the storage of low-carbon 
footprint energy carriers (e.g. H2 and CH4) and the separation of CO2-
containing gas mixtures.28,31,49,52,81,82 With increasing interest in biofuel 
production, a number of studies have examined alcohol adsorption in MOFs 
toward biofuel purification. Experimentally, Li and co-workers determined 
methanol adsorption in highly stable microporous Zn(tbip).83 Subsequently, 
they observed high uptake of methanol and ethanol in paddle-wheel 
Zn(BDC)(ted)0.5.
84 Denayer and co-workers measured the adsorption of C1 – 
C5 alcohols in zeolitic imidazolate framework-8 (ZIF-8).
85 Koros and co-
workers examined ethanol adsorption in ZIF-7186 and reported experimental 
data for the adsorption of C1 – C4 alcohols in ZIF-8, ZIF-71 and ZIF-90.87 In 
addition,  they also investigated the adsorption and diffusion of ethanol in ZIF-
8 with different crystal sizes.88  
Currently, only few simulation studies have been conducted for alcohol 
adsorption in MOFs. Chapter 2.2 surveys the detailed literature review on 
experimental and computational studies for biofuel purification in MOFs. 
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1.5 Objectives and Outline of the Thesis 
The objective of this thesis is to provide molecular insights into CO2 
capture and biofuel purification in functionalized MOFs. Particularly, grafting 
functional groups, introducing Lewis basic sites and designing hypothetical 
MOFs are implemented for CO2 capture, while the hydrophobicity and 
functionalization are investigated for biofuel purification. Quantitative 
understanding of how separation performance is affected by tuning MOF 
structure and functionality is crucial for the rational design of new MOFs and 
porous materials. 
The entire thesis consists of ten chapters. Chapter 1 briefly introduces the 
general background of MOFs, as well as the needs for CO2 capture and biofuel 
purification. In Chapter 2, a comprehensive literature review is provided on 
both experimental and computational studies for CO2 capture and biofuel 
purification in various MOFs. In Chapter 3, computational methodologies 
implemented in this thesis are discussed. Chapter 4 demonstrates that 
functionalization improves the selectivity of CO2/N2 and extends the 
breakthrough time of CO2, especially with –NH2 group. In order to avoid the 
drawbacks of reducing surface areas and pore volumes that conventional 
functionalization might possess, a new method that introduces N atoms into 
framework ligands is implemented to improve CO2 capture performance in 
Chapter 5. In addition to inserting N atoms into existing MOFs, Zr-based 
MOFs with N-rich tetrazolate linkers were further designed in Chapter 6 to 
establish structure-property relationships. This set of studies suggests that 
polar functional groups and additional Lewis basic sites could enhance CO2 
capture and separation. On the other hand, hydrophobic non-polar functional 
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groups are more suitable for biofuel purification, since ethanol should be more 
preferentially adsorbed over water. Chapter 7 investigates the effects of force 
fields, atomic charges and framework flexibility for the adsorption of four 
normal alcohols in ZIF-8. Among three force fields, the DREIDING is 
identified to agree the best with experiment; while framework charges and 
flexibility have negligible effects on symmetrical structures. Based on above 
finding, simulations are performed for biofuel (ethanol/water mixtures) 
purification by ZIFs of SOD and RHO topologies with different functional 
groups in Chapter 8. Among six ZIFs (ZIF-8, -25, -71, -90, -96 and -97), ZIF-
8 exhibits the highest selectivity. In addition, to exclude the complex influence 
of topology, biofuel purification by five isoreticular GME ZIFs is examined in 
Chapter 9. ZIF-79 with hydrophobic –CH3 groups shows the highest 
selectivity for ethanol/water mixtures. This set of studies suggests that 
hydrophobic ZIFs with non-polar functional groups are promising candidates 
for biofuel purification. Finally, the concluding remarks and recommendations 
for future work are summarized in Chapter 10.  
The linkage of the studies on CO2 capture and biofuel purification is that 
firstly, to reduce carbon footprint, we should capture CO2 from current power 
plant emissions; meanwhile, we should reduce the use of traditional fossil 
fuels and switch to renewable and environmentally benign energy sources like 
biofuel. Before using biofuel, its purification is a prerequisite. 
Secondly, all the studies focus on the functionalization of MOFs. The 
results from Chapter 4 to 6 reveal that polar functional groups and Lewis basic 
sites improve CO2 separation from CO2/N2, CO2/CH4 and CO2/H2 gas 
mixtures, since only CO2 contains strong quadrupole moment among CO2, N2, 
Chapter 1  
17 
 
CH4 and H2. On the other hand, biofuel purification requires preferential 
ethanol adsorption from ethanol/water mixture, and water is more polar than 
ethanol. Therefore, hydrophobic MOFs with non-polar functional groups 
might be the right candidates for this application, which guide the selection of 
MOFs in Chapter 7 to 9.   
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 Literature Review 
2.1 MOFs for CO2 Capture 
2.1.1 Experimental Studies 
Till today, experimental measurement is still the most straightforward way 
to evaluate the performance of MOFs for CO2 capture. Initially, only single-
component CO2 adsorption was measured, particularly equilibrium isotherms 
and isosteric heats. Gradually, the adsorption of CO2-containing gas mixtures 
started to be examined for better understanding of separation capability. 
Recent studies have moved from general equilibrium properties to more 
practically relevant fixed-bed separation.  
2.1.1.1 Single-Component CO2 Adsorption in MOFs 
One critical parameter to evaluate MOFs for CO2 capture is adsorption 
capacity. Similar to conventional porous materials, CO2 adsorption capacity in 
MOFs is significantly affected by surface area, pore volume and framework 
functionality. The extraordinarily large surface area and pore volume, as well 
as excellent tunability of MOFs suggest that they are perfect candidates to 
achieve large adsorption capacity. A recent review has summarized CO2 
adsorption capacities in various MOFs under both high and low pressure 
conditions.52 The capacity can be quantified by either gravimetric or 
volumetric method based on a unit mass or a unit volume of an adsorbent. 
Both quantities are essential to be taken into account, since the adsorbent 
should be light and small to reduce energy consumption during adsorbent 
regeneration.  
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At high-pressure regime, adsorption capacity is primarily governed by 
surface area and pore volume. However, the affinity between CO2 and MOFs 
matters the most at low pressure regime (< 1.2 bar), as reflected by isosteric 
heat at infinite dilution. Generally, the higher the isosteric heat, the stronger is 
the CO2-framework affinity, leading to more selective adsorption toward CO2 
over other gases. On the other hand, strong affinity also results in difficult 
regeneration. Under such consideration, the precise control of CO2-framework 
affinity becomes extremely tricky, as the affinity should be optimized to 
achieve both high selective adsorption of CO2 and easy regeneration. 
2.1.1.2 Evaluation of CO2 Separation Based on Single Component 
Isotherms 
CO2 separation from gas mixtures can be evaluated by different 
approaches. Because direct measurement of gas mixture adsorption is 
experimentally challenging, a simple approach to evaluate is based on the 
single-component isotherms, as discussed below for post- and pre-combustion 
CO2 capture as well as upgrading of natural gas. 
Post-Combustion Capture 
Post-combustion capture is to separate flue gas generated from coal fired 
power plant. Normally existing at ambient pressure, a flue gas contains a low 
concentration of CO2 (15%), while the rest are N2 (85%) and other minor 
components such as H2O, CO and O2. The CO2/N2 selectivity is usually 
estimated using the isotherms of pure CO2 (0.15 bar) and N2 (0.85 bar). 
Among all the synthesized MOFs, Mg2(dobdc) (Mg-MOF-74, as shown in 
Figure 2.1a) was reported to exhibit the highest CO2 uptake, with a selectivity 
of 44 at 0.15 bar and 303 K.89 With increasing temperature from 303 to 333 K, 
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the selectivity was found to rise from 44 to 61. Practically, the temperature 
before a flue gas entering adsorption tower is approximately 30 to 60 °C (303 
to 333 K). Thus, the evaluation between 303 and 333 K is realistic with 
industrial relevance. The highest CO2/N2 selectivity reported is 370 in 
[(CH3)2NH2]2[Tb6(μ3-OH)8(FTZB)6(H2O)6]·(H2O)22 at 298 K and 1 bar.90 
Other promising MOFs for this application are H3[(Cu4Cl)3(BTTri)8(mmen)12] 
(mmen-Cu-BTTri),91 Ni2(dobdc) (Ni-MOF-74),
92,93 Cu3(BTC)2 (HKUST-1),
94 
Co2(adenine)2(CO2CH3)2 (bio-MOF-11),
95 Al(OH)(bpydc)3⋅0.97Cu(BF4)2,96 
Zn(nbIm)(nIm) (ZIF-78),61,97 H3[(Cu4Cl)3(BTTri)8(en)3.75] (en-Cu-BTTri),
62 
and Zn2(BTetB)(py-CF3)2. 
98  
Pre-Combustion Capture 
Pre-combustion capture can be performed following gasification and 
water-gas shift reaction, where the gas mixture contains mainly H2 (75-85%) 
and CO2 (15-25%) at a high pressure (5-40 bar) and moderately high 
temperature (313 K). The adsorption isotherms of CO2 and H2 have been 
measured in various MOFs and exceptionally high selectivities were 
predicted.99 Among them, Mg2(dobdc)
59 shows the highest CO2/H2 selectivity 
around 850, which is much better than activated carbon JX101 and zeolite 
13X. Interestingly, the MOFs with localized charges such as Mg2(dobdc) and 
Cu-BTTri62 exhibit high affinity for CO2 due to the preferential interaction 
between framework and CO2 quadrupole moment. In contrast, the MOFs 
without surface charges and polar functional groups such as MOF-177,100 Be-
BTB,101 and Co-BDP,102 present poor selective adsorption of CO2. In addition, 
Zn2(Atz)(ox),
103,104 Zn(3,3’-tpdc)(dabco),93 ZIF-8,105 HKUST-1,94 and 
Sc2(bdc)3
106 also exhibit selective adsorption from pre-combustion gas mixture. 
Chapter 2  
21 
 
Upgrading of Natural Gas 
Many studies have been reported on the upgrading of natural gas by 
adsorption in MOFs. Due to the strong interaction between CO2 and the 
framework hydroxyl groups, CO2 is more preferentially adsorbed over CH4 in 
MIL-53(Al).107 Amine functionalized MIL-53(Al)67 shows almost infinite 
CO2/CH4 selectivity, as attributed to the presence of amino groups with 
enhanced affinity for CO2. IRMOF-1 (MOF-5) is unselective for CO2/CH4; 
however, the selectivity increase to 29 by mixing 30% IRMOF-1 with 
Matrimid®.51 Many other MOFs also exhibit promising performance for 
CO2/CH4 separation. Mg-MOF-74
108 and Zn2(bpdc)2(bpee)(DMF)2
109 (as 
shown in Figure 2.1b) have selectivity over 250, indicating that they are 
potential candidates for such application. HKUST-1 and MIL-101 also show 
high selectivity for CO2/CH4 mixtures.
110,111  
2.1.1.3 Gas Mixtures Adsorption in MOFs 
From the single-component isotherms, CO2 separation in MOFs can be 
approximately evaluated. However, this approach does not incorporate the 
competition of different gases in a mixture and may lead to large deviations 
particularly at high pressures. Direct measurement of mixture adsorption is 
challenging and non-trivial. Nevertheless, few groups have used fixed beds 
packed with MOFs to achieve this. Yaghi and co-workers determined the 
breakthrough performance of CO2/CH4 mixture in Mg-MOF-74. Highly 
preferred adsorption of CO2 over CH4 was observed with CO2 dynamic 
capacity of 8.9 wt%, which is even higher than that in zeolite NaX. By 
replacing Mg by Zn, dramatic reduction of CO2 adsorption was found, 
resulting in poor separation performance.60 Denayer and co-workers 
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demonstrated that amino functionalized MIL-53 could adsorb a substantially 
large amount of CO2 inside a fixed bed, with negligible amount of CH4 
adsorbed.67 Chen et al. also conducted breakthrough measurement on 
CO2/CH4 in Ni-MOF-74, showing considerable separation performance.
112 In 
addition, several ZIFs were packed in a fixed bed and examined for CO2 
separation, e.g. ZIF-78 and -82 for CO2/CH4,
61 ZIF-95 and -100 for CO2/CH4, 
CO2/CO and CO2/N2,
113 ZIF-68, -69 and -70 for CO2/CO.
57 All these 
demonstrated favourable adsorption of CO2 from different combinations of 
gas mixtures. Such experiments serve as the last step during laboratory studies 
and are the starting point toward industrial scale applications.  
2.1.1.4 Strategies to Enhance CO2 Separation in MOFs 
Thanks to high tunability and designability of MOFs, a handful of 
strategies have been proposed to enhance CO2 separation in MOFs, such as 
controlling pore size, creating open metal sites, grafting polar functional 
groups, and implementing electron dense atoms on organic linkers.  
Controlling Pore Size  
The kinetic diameters of CO2, N2, H2 and CH4 are 3.3, 3.64, 2.89 and 3.76 
Å, respectively. Except for H2, CO2 has the smallest kinetic diameter. 
Therefore, the separation of CO2 from CO2/N2 and CO2/CH4 mixtures could 
be achieved by molecular sieving effect if the pore size of a MOF is between 
the kinetic diameters of CO2 and other gas (CH4 or N2). Ideally, if the pore 
size only allows smaller gas to diffuse, but rejects larger one; then a perfect 
separation could be achieved. Several experiments were conducted to explore 
such effect in MOFs.95,114-117 Although these MOFs perfectly exclude larger 
gas, the small pore size often leads to low CO2 capacity thus unfavourable for 
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industry applications. Due to the relatively small difference in the kinetic 
diameters of CO2, N2 and CH4, the design of MOFs for such size exclusion is 
quite challenging. Therefore, other strategies focusing on differentiating the 
interactions between CO2 and other gases appear more feasible to enhance 
CO2 separation. 
Creating Open Metal Sites 
In some MOFs, the metal atoms are coordinated with solvent and become 
unsaturated (or open) upon removing solvent.118 Such metal sites can serve as 
charge-dense binding sites for quadrupole CO2 molecules, which is beneficial 
for stronger adsorption affinity and better selectivity over non-polar gases. The 
paddle-wheel Cu2(COO)4 unit is one of the most extensively studied open 
metal cluster in many MOFs.18,119,120 Particularly, HKUST-1 exhibits selective 
adsorption of CO2 over CH4 and N2.
121 M-MOF-74,122 CPO-27-M,92 and 
Mg/dobdc59 also contain high density of open metal sites and show strong 
selective adsorption of CO2 at low pressure regime, which indicates the effect 
of open metal sites. More direct evidence for CO2 binding to open metal sites 
was demonstrated by X-ray crystal structure detection, in which CO2 
molecules were observed to bind onto open metal sites in an end-on fashion.123 
In addition to remove coordinated solvent molecules, open metal sites can 
also be generated by doping metal atoms via post-synthesis modification. For 
instance, the open Al sites in Al(OH)(bpydc) can bind to various transition 
metals by doping corresponding salts, leading to introduced open metal sites. 
Among several metals doped, Cu2+ was found to show the highest 
enhancement for CO2 adsorption (from 6.2 to 11.7 wt%). This enhancement 
was also reflected on CO2/N2 selectivity (from 2.8 to 12).
96 Several alkali 
Chapter 2  
24 
 
metals (Li+, Na+ and K+) were introduced into UiO-66(Zr).124 K+ modified 
structure exhibited a dramatic enhancement in CO2-framework interaction, 
leading to 83% increase in CO2/N2 selectivity.
125  
Grafting Functional Groups 
The surface functionality of MOFs can be tailored by altering organic 
linkers before synthesis or via post-synthesis modification. Yaghi’s group61 
reported a series of ZIFs with identical gmelinite (GME) topology. These ZIFs 
have different functionalized linkers. ZIFs with polar functional groups (e.g. -
NO2 and -CN) showed improved selective adsorption for CO2, suggesting 
polar groups could enhance CO2-framework affinity. Cheng and co-workers
126 
synthesize a dual-functionalized MOF with both amino- and pyridine-ligands, 
and observed exceptionally high CO2 adsorption and separation performance. 
As discussed above, a substantial increase in the selectivity of CO2 over CH4 
was also seen in amino-MIL-53.67 With amino group and pyrimidine nitrogen 
atoms as Lewis basic sites, Rosi and co-workers95 showed bio-MOF-11 could 
strongly attract CO2 as proved by high isosteric heat at low pressures; 
meanwhile, N2 was not able to experience such effect. Song et al.
127 
constructed a new NbO-type MOF with highly polarized benzothiadiazole, 
which demonstrated the selective adsorption of CO2 over CH4 and N2. 
Direct synthesis of MOFs with certain functional groups may not be easily 
accomplished due to competitive reaction between the groups and linkers, 
leading to undesired structures.128 Such an issue can be overcome by post-
synthetic modification on robust precursors. One smart approach is to modify 
organic linkers via covalent transformation of amino groups, as demonstrated 
by Cohen and Wang.129 This method provides a novel direction to design and 
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tune the functionality of existing and new MOFs. Another approach is to 
incorporate functional groups onto open metal sites, e.g., the functionalization 
of a triazolate-bridged MOF by alkylamine.62 Hupp and co-workers98 also 
showed that trifluoromethylation (–CF3) functionalization remarkably 
increased CO2 uptake at a low pressure, because of the high polarity of –CF3 
and the constricted pores of modified framework. Furthermore, organic 
ligands with functional groups could be post-synthetically inserted into MOFs 
as well. Suh and co-workers130 synthesized 
[Zn2(TCPBDA)(H2O)2]⋅30 DMF⋅6 H2O (SNU-30), which was subsequently 
modified by insertion of 3,6-di(4-pyridyl)-1,2,4,5-tetrazine (bpta). This 
insertion altered the functionality of SNU-30, resulting in enhanced CO2 
adsorption over N2, O2, H2, and CH4. 
Implementing Electron Dense Atoms on Organic Linkers 
Although functional groups can potentially increase CO2 adsorption, 
functionalization usually causes a reduction in pore volume. In contrast, 
implementing electron dense atoms on organic linkers not only creates extra 
binding sites for CO2, but also maintains pore volume. Bao et al.
131 
synthesized [Zn2L2]·2DMF with unsaturated N atoms on framework. Due to 
the presence of uncoordinated electrons from N atoms, the MOF adsorbed 
CO2 over N2 and CH4 at a highly selective manner. Gadipelli and Guo
132 used 
an annealing process for MOF-5 and generated partial decomposition of 
carboxylate ligands. Such partial decomposition resulted in local vacancy sites 
with high activity and led to high CO2 adsorption.  
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2.1.2 Simulation Studies 
With ever growing computational powers, simulation has become an 
important tool to investigate adsorption phenomena in MOFs. Especially, 
numerous simulation studies have been conducted on CO2 adsorption. In a 
series of MOFs including IRMOFs, UMCM-1 and COFs, Jiang and co-
workers showed that framework catenation could enhance affinity for CO2 and 
lead to better CO2/CH4 selectivity.
54,133 Similar effect was also found by 
Zhong et al. for CO2/H2 mixture in catenated IRMOFs (IRMOF-10, -12 and -
14).134 In these cases, the electrostatic interactions between CO2 and 
frameworks are the major contribution to low-pressure adsorption, as also seen 
for CH4/CO2/H2 mixture separation in COFs and MOFs.
135  
Liu and Smit examined the effects of framework charges and pore sizes on 
CO2/N2 separation in three zeolites and seven MOFs. Due to the presence of 
quadrupole moment in CO2, the selectivity was found to increase when 
considering the framework charges. A larger pore size would reduce the 
selectivity as attributed to the dilution of interaction sites, and the optimized 
pore size was identified to be between 5 to 10 Å.136 From systematic 
simulations, Jiang and co-workers found that charge density and pore size play 
a crucial role in determining the selectivity of CO2/H2 separation. The rho-
MOF with the smallest pore and the highest charge density possesses the best 
separation performance.64,137,138  
Since functionalization of MOFs may substantially enhance adsorption and 
separation capability of MOFs, significant research effort has been made 
during the past decade for investigating the effects of various functional 
groups on MOFs. By combining density functional theory (DFT) calculations 
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and grand canonical Monte Carlo simulations, Mellot-Draznieks and co-
workers examined various functional groups (–OH, –COOH, –NH2 and –CH3) 
on MOF-53(Al) for CO2/CH4 separation. All the functionalized structures 
enhanced binding energy as well as selectivity, among which the –OH and –
COOH grafted MOFs provided the best performance.139 The effects of open 
metal sites were investigated by Zheqi on a series of SIFSIX MOFs. SIFSIX-
2-Cu-i with unsaturated Cu sites exhibited high CO2 uptake at low pressures 
and also offered superior selective adsorption for CO2/N2 and CO2/CH4 
mixtures.140  
In practical separation processes, one important factor that should be taken 
into account is the presence of moisture in gas mixtures. The moisture may 
have unpredicted effects on adsorbent stability and separation performance. 
Chen et al. simulated the adsorption of CO2 and CH4 in hydrated and non-
hydrated MIL-101. The hydrated MIL-101 exhibited greater adsorption ability 
in low pressures because of the coordinated water molecules acting as 
additional binding sites for CO2.
141 Snurr’s group found that introducing water 
onto open metal sites in Cu-BTC (see Figure 2.1c) increased the selectivity of 
CO2 over CH4 and N2. They revealed the Coulombic interactions between 
framework and CO2 were enhanced almost 2 to 4 fold with pre-insertion of 
water, leading to improved separation performance.142 On the contrary, a 
series of ionic MOFs showed significant decrease in CO2 selectivity in the 
presence of tiny amount of water.137,138,143,144 In 25 MOFs, Zhong and co-
workers demonstrated that the trace amount of water could have diverse 
effects on CO2/CH4/H2O separation. If weak H2O-framework interaction, 
CO2/CH4 selectivity remained unchanged; if H2O strongly bound to 
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framework ligands, competition existed between H2O and CO2 on preferential 
interaction sites and dramatic decrease in separation selectivity occurred.145 
These simulation studies provide valuable insights into the effects of water on 
CO2 adsorption and separation.  
Moreover, large-scale screening of MOFs has been conducted. Sholl and 
co-workers screened over 500 MOFs for CO2/N2 separation and identified 11 
highly selective MOFs. Among these, 2 were considered as the most 
promising because of their exceptional stability.146 Snurr’s group constructed 
over 137000 hypothetical MOFs and developed structure-property 
relationships for CO2/N2, CO2/CH4 and CO2/H2 separations. They found that 
only modest void fraction (0.3-0.6) could provide the best separation 
performance, while MOFs with large pores might not be suitable at low 
pressures. Similar conclusion was drawn for surface area and isosteric heat 
with modest values of about 1000-2500 m2/g and 25-35 kJ/mol, respectively. 
On the contrary, the situation changed at high pressures, where large surface 
area and void fraction but low isosteric heat were desirable. From top 7.5% 
MOFs, the best selectivity was observed within a narrow range of isosteric 
heat, but a broad collection of surface area and void fraction. This implies 
design flexibility to optimize MOFs with great stability and low cost.147 
Additionally, several simulation studies attempted the assembly of MOFs. 
Deem et al. utilized an in silico algorithm to create MOFs in various 
symmetric networks with high surface area and large CH4 deliverable 
capacity.148,149 Yoneya and co-workers simulated the spontaneous self-
assembly of MOFs.150 A reversed topological approach was developed by 
Schmid et al. to build 3D-periodic COFs and copper paddle-wheel 
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MOFs.151,152 A similar approach was used by Snurr et al.153 to computationally 
design over 200 hypothetical MOFs featuring (Zr6O4)(OH)4(CO2)n units with 
various topologies for storage and delivery of CH4. All these simulation efforts 
may standardize the construction of MOFs and guide the realistic development 
of promising MOFs.  
2.2 MOFs for Biofuel Purification 
2.2.1 Experimental Studies 
While gas storage and separation in MOFs have been very extensively 
investigated, there are a number of experimental studies on alcohol adsorption. 
In a Zn-based MOF, Yaghi and co-workers demonstrated the uptake decreased 
as C1-2 > C3 > C4 > C5 > C7. They concluded the decrease was due to the 
electronic interaction between –OH group of alcohol and the framework, 
rather than alcohol size. This was proved by the undistinguished adsorption of 
alkanes with various lengths in the same MOF.154 Alcohol adsorption was also 
experimentally measured in other MOFs.83-88,155,156 These experiments were 
mainly focused on the synthesis of new MOFs, and then followed by 
measurement of general adsorption behaviour.  
A handful of studies explored alcohol adsorption and separation in MOFs. 
Assche et al.157 reported the adsorption behaviour of alcohols ranging from 
methanol to hexanol in Cu-BTC. In the absence of water, exceptional 
adsorption capacities were observed for all the alcohols with two-step 
adsorption isotherms. Upon adding water, however, the adsorption capacity 
was dramatically decreased because the open Cu sites preferentially adsorbed 
water. Similar behaviour was reported by Calero and co-workers.158 
Nevertheless, ethanol is a dilute component (5-15%) in biofuel and required to 
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be separated from a large amount of water, thus MOFs with open metal sites 
are unsuitable for this application. 
As reviewed in the previous section, functionalization of MOFs may 
potentially improve adsorption performance. This strategy was demonstrated 
for alcohol adsorption. By incorporating Keggin-type polyoxometalates into 
Cu-BTC, enhanced alcohol adsorption was observed.159 However, polar 
functionalization could also enhance water adsorption.70,160-164 Therefore, the 
overall effect on alcohol/water separation is not clear based on solely single-
component measurements, and more detailed investigation is needed on 
mixture adsorption. Heine and co-workers examined ethanol/water separation 
in Zn2(BDC)2(TED) (Figure 2.1d). Consisting of both hydrophilic oxy groups 
and hydrophobic phenyl rings, this MOF could form hydrogen bonds with the 
hydroxyl group of ethanol, as well as van der Waals interactions with the alkyl 
group. Such dual interactions were found to stabilize ethanol inside the MOF 
and led to preferential adsorption of ethanol over water.165 
The flexibility of MOFs has also shown significant effect on alcohol 
adsorption. Zhang and Chen166 synthesized a metal azolate framework Cu(etz) 
(MAF-2), which possesses exceptional framework flexibility and temperature 
sensitivity. The framework flexibility was kinetically controlled by adsorbed 
species. For water, the ethyl-blocked apertures were closed thus preventing 
water entering the channel. For methanol and ethanol, however, the flexible 
apertures were opened up for them to enter. This extraordinary flexibility in 
apertures and framework promotes MAF-2 as a superior candidate for 
alcohol/water separation. In flexible MIL-53(Cr) as shown in Figure 2.1e, 
Bourrelly et al.167 observed that the adsorption of methanol or ethanol leads to 
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MIL-53(Cr) structural transitions from narrow-pore form to large-pore form. 
Whereas with water adsorption, the framework was unable to switch to the 
large-pore form. From ethanol and water mixture adsorption experiment, the 
selective adsorption of ethanol over water using flexible MIL-53(Cr) was 
achieved.  
2.2.2 Simulation Studies 
As introduced in Chapter 1, only few simulation studies have been 
conducted for alcohol adsorption in MOFs. Chen et al. integrated experiment 
and simulation to examine methanol/water separation in highly hydrophobic 
Zn(BDC)(TED)0.5 and observed exceptional adsorption of methanol but 
negligible adsorption of water.168 Nalaparaju et al. simulated water and 
alcohol adsorption in both hydrophobic and hydrophilic zeolitic MOFs. In 
hydrophilic Na-rho-ZMOF, water was more preferentially adsorbed and 
located closer to the window region, while alcohol was positioned in the α-
cage with less adsorption. On the contrary, alcohol was more strongly 
adsorbed in hydrophobic ZIF-71.169 They further examined ethanol/water 
separation in hydrophobic Zn4O(bdc)(bqz)2. Ethanol was adsorbed more than 
water. Based on adsorption and diffusion selectivities, the permselectivity was 
calculated to be 75, indicating high separation performance of 
Zn4O(bdc)(bqz)2.
170  
Calero and co-workers simulated the separation of ethanol/water in Cu-
BTC and proposed selectively blocking/screening active sites to enhance 
separation factor.158 From experiment and modeling efforts, Gee et al. 
determined the adsorption and diffusion of methanol and ethanol in ZIF-8 and 
ZIF-90.171  
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Due to limited simulation studies on alcohol/water separation in MOFs, 
more efforts are desired to better understand adsorption mechanisms and 
provide design guidelines for high-performance separation.  
 
 
          
 
 
Figure 2.1 Representative MOF structures for CO2 capture (a) Mg2(dobdc), (b) 
Zn2(bpdc)2(bpee)(DMF)2 and (c) Cu-BTC, and for biofuel purification (d) 
Zn2(BDC)2(TED) and (e) flexible MIL-53(Cr). Cu: orange, Mg: green, Cr: 
dark grey, Zn: purple, C: grey, O: red, N: blue and H: white. The sizes are not 
in the same scale. 
 
 
(a)                                                          (b) 
(e)  
(c)                                                       (d) 
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 Methodologies 
3.1 Computational Methods  
3.1.1 Density Functional Theory 
Density functional theory (DFT) is a powerful tool to compute the 
quantum states of atoms, molecules and solids. Instead of solving complex 
many-electron wave functions from the Schrödinger equation, all the ground-
state properties in the DFT are represented by functionals of electron density ρ. 
This allows much larger systems to be treated, while retaining the accuracy 
with a lower computational cost. In the DFT, energy functional contains three 
terms: 
                                E[ρ] = T[ρ] + Vee[ρ] + Vext[ρ]                                   (3.1) 
where T is kinetic energy, Vee is the electron-electron interaction, and Vext is 
the interaction with external potential. The kinetic and electron-electron 
functionals are unknown, thus approximations are required. Kohn and Sham172 
proposed to describe non-interacting electrons using a single determinant 
wave function in corresponding orbitals φi.  
                                                     ρ(r) = i φi                                                 (3.2) 
                                         𝑇𝑠[𝜌] = ∑ 〈𝜑𝑖 |−
∇2
2
| 𝜑𝑖〉
𝑁
1                                       (3.3) 
Ts is the kinetic energy of non-interacting electrons and i denotes orbital 
number. Besides, the electron-electron interaction can be described by the sum 
of classical electrostatic energy due to Coulombic interactions and the 
exchange and correlation energies: 
                        𝑉𝑒𝑒 = −𝜌(𝑟)𝑉𝑁 +  𝜌(𝑟)
𝑉𝑒(𝑟)
2
+ 𝑉𝑁𝑁 +  𝐸𝑥𝑐[𝜌]                      (3.4) 
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where ρ(r)VN represents the electron-nucleus attraction, ρ(r)Ve/2 represents the 
electron-electron repulsion, VNN is the nucleus-nucleus repulsion, and Exc is the 
exchange and correlation energies, which can be approximated by different 
functionals. The last term of equation 3.1 is the interaction with external 
potential 
                                         𝑉𝑒𝑥𝑡[𝜌] = ∫ ?̂?𝑒𝑥𝑡𝜌(𝑟)𝑑𝑟                                        (3.5) 
This is usually a trivial term and can be neglected. 
In this thesis, the DFT was applied to calculate the atomic charges of 
MOFs on the basis of representative fragmental clusters.173 The dangling 
bonds were saturated by appropriate atoms or groups to mimic the 
environmental effects of terminal atoms. The DFT calculations used the Becke 
exchange plus the Lee-Yang-Parr functional (B3LYP) and were carried out by 
Gaussian 03174 or Gaussian 09.175 The accuracy of DFT-derived atomic 
charges depends on the choice of functional and basis set. Expressed as both 
local and gradient electron densities, the B3LYP has been widely used in the 
field of solid materials including MOFs.176,177 For small basis sets, the atomic 
charges fluctuate appreciably but tend to converge beyond 6-31G(d) basis 
set.178 Therefore, 6-31G(d) was used for all the framework atoms except metal 
atoms, for which the LANL2DZ basis set was used. By fitting the electrostatic 
potentials produced from the cluster model, the atomic charges were estimated 
for various MOFs in the corresponding chapters.  
3.1.2 Ab Initio Calculations 
To quantitatively evaluate the effect of organic linkers on adsorption 
performance in MOFs, the binding energies between organic linkers and 
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adsorbate molecules were estimated by ab initio calculations using Gaussian 
09.175 Specifically, the second Møller−Plesset perturbation method was 
adopted. First, the structures of an organic linker, an adsorbate molecule, and 
their complex were optimized separately at 6-31G basis set. The optimization 
was followed by frequency calculation to assure that the global minimum was 
achieved. Then the single-point energies were calculated at a larger basis set 
of aug-cc-PVQZ (aug-cc-PVDZ for GME-ZIFs). Finally, the binding energies 
were calculated by 
                           Ebinding = Ecomplex – (EA + EB)                                (3.6) 
where A or B represents a linker or an adsorbate, and complex refers to linker-
adsorbate complex. The basis set superposition errors were corrected by the 
counterpoise method.179  
3.1.3 Monte Carlo Simulation 
Initially, Monte Carlo (MC) method is a mathematic algorithm, which 
implements random sampling to generate numerical data (e.g. probability 
distribution) at a certain given condition. For atomic/molecular systems with 
many coupled degrees of freedom such as different temperatures, pressures, 
volumes, or chemical potentials, MC simulation is efficient in configuration 
sampling because it is free from the restriction of solving Newton’s equations 
of motion. It starts from an initial configuration to the next by performing 
motions without physical means, e.g. translation, rotation, displacement, 
regrowth. Thermodynamic equilibrium is finally reached when the rate of 
change from old to new configuration is equal to that from new to old. 
Different choices of ensembles yield several versions of MC simulation 
methods:  
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1. Canonical (NVT), the number of particles, volume and temperature are 
constant; 
2. Microcanonical (NVE), the number of particles, volume and energy 
are constant; 
3. Isobaric-isothermal (NPT), the number of particles, pressure and 
temperature are constant; 
4. Grand-canonical (VT), the chemical potential, volume and 
temperature are constant. 
In this thesis, Grand Canonical Monte Carlo (GCMC) method was 
implemented to simulate the adsorption of pure and mixed components in 
MOFs. As the chemical potentials of adsorbate in adsorbed and bulk phases 
are identical at thermodynamic equilibrium, GCMC allows one to directly 
correlate the chemical potentials in both phases and is thus widely used to 
simulate adsorption.180,181 The chemical potential is related to the reservoir 
pressure182,183 𝜇 =  
1
𝛽
ln (Λ3𝛽𝑃) under the ideal gas assumption, where µ is the 
chemical potential, 1/β = kBT, Λ is the thermal deBroglie wavelength and P is 
the reservoir pressure. 
The periodic boundary conditions were exerted in all the three dimensions. 
For all studies except that in Chapter 7, the MOFs were assumed to be rigid 
and the framework atoms were fixed during simulations. The nonbonded 
interactions of MOF atoms and adsorbates were represented by Lennard-Jones 
(LJ) and Coulombic potentials 
                        
1 2 6
n o n b o n d e d
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i j i j i j
i j
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where εij and σij are the well depth and collision diameter, rij is the distance 
between atoms i and j, qi is the atomic charge of atom i, ε0 = 8.8542 × 10-12 
C2N-1m-2 is the permittivity of vacuum. The LJ interactions were evaluated 
using a spherical cut-off of 15 Å with long-range corrections added, while the 
Coulombic interactions were calculated using the Ewald sum method.180 The 
real/reciprocal space partition parameter and the cut-off for reciprocal lattice 
vectors were 0.2 Å-1 and 10 for CO2 capture, and 0.2 Å
-1 and 8 for biofuel 
purification, respectively, to ensure the convergence of the Ewald sum. The 
number of trial moves in a typical GCMC simulation was 2  107 (4  107 for 
biofuel purification in GME-ZIFs), with the first half for equilibration and the 
subsequent half for ensemble averages. Five types of trial moves were 
randomly attempted in the GCMC simulations: displacement, rotation, partial 
regrowth at a neighbouring position, complete regrowth at a new position, and 
swap with reservoir including creation and deletion of equal probability. For 
mixtures, an additional type of trial moves namely identity exchange was also 
attempted. In addition, possible inaccessible cages in MOFs were analysed and 
blocked during GCMC simulations. As demonstrated in a recent study, it is 
crucial to block inaccessible cages in GCMC simulations to avoid unrealistic 
adsorption.184 
To improve sampling efficiency for associating fluids such as alcohol and 
water, configurational-bias technique was adopted in which an adsorbate 
molecule was grown atom-by-atom biasing toward energetically favourable 
configurations while avoiding overlapping with other atoms.185-187 Specifically, 
the trial positions were generated with a probability proportional to 
in tra
e x p ( )
i
U , where 1 / Bk T  , and U
i
intra is the intramolecular interaction 
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energy at a position i. The numbers of trial positions for the first and 
subsequent atoms were fifteen and ten for pure alcohol and water, while being 
twenty and fifteen for ethanol/water mixtures. One of the trial positions was 
then chosen with a probability proportional to    in te r in te re x p / e x p 
i i
i
U U  , 
where 
in te r
i
U  is the intermolecular interaction energy. A modified version of 
BIGMAC code188 was used for the GCMC simulations.   
3.1.4 Molecular Dynamics Simulation  
Molecular dynamics (MD) simulation is a deterministic method, which 
calculates the time-dependent configurations. Compared to MC simulation, 
MD provides a route to dynamical properties: transport coefficients, time-
dependent responses to perturbations, rheological properties and spectra. It 
involves step-by-step solution of the classical equations of motion, governing 
by the second law of classical mechanics, with a set of initial conditions.  
                                                   𝑚𝑖?⃗?𝑖 = ?⃗?𝑖                                                    (3.8) 
                                                   ?⃗?𝑖 =
𝑑2𝑟𝑖
𝑑𝑡2
                                                      (3.9) 
where mi is the mass of particle i, ?⃗?𝑖 is the acceleration of particle i, ?⃗?𝑖 is the 
force exerted on particle i, 𝑟𝑖 is the position of particle i, and t is the time. In a 
multi-particle system, the force acting on the ith atom at a given time can be 
obtained from the inter-particle potential: 
                                      ?⃗?𝑖 = −∇𝑖𝑈(𝑟1, 𝑟2, 𝑟3, … , 𝑟𝑁)                                   (3.10) 
where N is the total number of particles in the system. Once the initial 
conditions and the interaction potentials are defined, these equations can be 
solved via numerical integration within a given step. 
Chapter 3  
39 
 
To estimate the mobility of adsorbates and hydrogen-bonds (H-bonds) 
formed in MOFs, MD simulations were conducted in this thesis using 
GROMACS v.4.5.3.189 A hydrogen bond was assumed to form if the 
geometrical distance of donor and acceptor is < 3.5 Å and the angle of 
acceptor–donor–hydrogen is < 30. The initial configurations for MD 
simulations were taken from the final configurations of GCMC simulations. 
The Nosé-Hoover method was used to maintain the temperature with a 
relaxation time of 0.1 ps. To calculate the Coulombic interactions, particle-
mesh-Ewald technique was applied with a grid spacing of 0.12 and a fourth-
order interpolation. The bond lengths of alcohol and H2O molecules were 
constrained using a linear constraint solver.190 Each MD simulation was 
conducted for 12 ns, wherein the first 2 ns was used for equilibration and 
subsequent 10 ns was used for production. The potential and kinetic energies 
were monitored to ensure equilibration. The trajectory in production run was 
saved every 1 ps for analysis.  
A handful of experimental and simulation studies have reported that ZIF-8 
framework is not completely rigid and may undergo structural transition upon 
adsorption.191-195 To incorporate framework flexibility, a hybrid MC/MD 
simulation method was developed in our group to mimic the structural 
transition of ZIF-8.196 As detailed in Chapter 7, GCMC simulation was first 
used to calculate alcohol adsorption in rigid ZIF-8 at a given pressure, then 
MD simulation was performed to relax ZIF-8 framework as well as adsorbed 
alcohol molecules, and the relaxed framework was used in the subsequent 
GCMC simulation. The MC/MD simulations were repeated until adsorption 
capacity converged. In each cycle, the number of trial moves in the GCMC 
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simulation was 106, and the MD simulation was run for 600 ps. The MD 
simulations were conducted in DL_POLY.197 The equations of motion were 
integrated by the velocity Verlet algorithm with a time step of 1 fs. A 
relaxation time of 0.8 ps was to maintain the constant temperature. 
3.1.5 Breakthrough Prediction 
Industrial adsorptive process is usually carried out in a fixed-bed packed 
with adsorbent.198 The breakthrough curves from the fixed-bed provide 
valuable information, e.g. adsorption-regeneration cycle time, for the design 
and scale-up of the system. In this thesis, the breakthrough curves were 
predicted for gas mixtures in MOFs using the adsorption isotherms of pure 
components calculated from GCMC simulations. The prediction essentially 
involves the estimation of adsorbate concentration at the outlet after a step 
change in adsorbate concentration introduced at the inlet. Figure 3.1 illustrates 
the separation of a CO2/N2 mixture in a fixed-bed of length Lb and bed voidage 
εb. For an axially-dispersed plug flow along the z-direction, the concentration 
at any position can be obtained as a function of time t by solving the overall 
and component mass-balance equations199,200  
                                T
(1 )  
 
 

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

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                              (3.12)   
where v is interstitial fluid velocity, 
T
c  is the total concentration of fluid, qi(z,t) 
is the loading of component i into adsorbent, ci(z,t) is the concentration of 
component i in fluid phase, and DL is axial dispersion coefficient. The mass 
transfer rate into adsorbent is based on the linear driving force (LDF) model 
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*
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                                        (3.13) 
*
i
q  is the equilibrium loading calculated from Langmuir isotherm, and ki  is the 
LDF rate constant or the overall effective mass transfer coefficient of 
component i. The LDF rate constant is related to external film, macropore, and 
micropore resistances  
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        (3.14)                            
where kf is the mass transfer coefficient across the external film around 
adsorbent particles, ci0 is the concentration of component i in the feed, *
0i
q  is 
the equilibrium loading at feed concentration, Dm and Dc are molecular and 
intracrystalline diffusivities, rc is crystal size, Rp, εp and τp are particle radius, 
porosity and tortuosity, respectively. It is commonly acceptable to assume that 
the micropore (intracrystalline diffusion) resistance is negligible, particularly 
when rc is small and Dc is large.  
 
Figure 3.1 Adsorptive separation of a CO2/N2 mixture in a fixed-bed. 
In the breakthrough prediction, the set of partial differential equations 
3.11-3.13 were solved numerically by reducing them into sets of ordinary 
differential equations via the finite difference technique for spatial terms. 
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Finally, the ordinary differential equations subjected to appropriate initial and 
boundary conditions were solved. DL , Dm  and kf were calculated using the 
Edwards-Richardson correlation,201 the Chapman-Enskog equation,202 and the 
Wakao-Funazkri correlation,203 respectively. 
3.2 Analytical Methods 
3.2.1 Structural Characterization 
In each MOF under study, the accessible surface area, free volume, 
porosity and pore size were calculated. Specifically, N2 with a kinetic diameter 
of 3.64 Å was used as a probe to estimate the accessible surface area Sa by 
rolling the probe over framework surface.204 The free volume Vf was estimated 
by randomly inserting He, a non-adsorbing species, into framework.205 The 
porosity  was derived from the ratio of free volume over framework volume. 
The pore size was calculated by the HOLE206 or Zeo++ software207 including 
the cage (dc) and aperture (da) diameters.  
3.2.2 Radial Distribution Functions 
To quantitatively characterize adsorption sites, radial distribution functions 
of adsorbate molecules around framework atoms were calculated by  
                                          
2
( , )
( )
4
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ij
i j
N r r r V
g r
r r N N
 


                                     (3.15) 
where r is the distance between atoms i and j, ( , )
ij
N r r r   is the number of 
atom j around i within a shell from r to r + Δr, V is the system volume, Ni and 
Nj are the numbers of atoms i and j, respectively. 
3.2.3 Isosteric Heats 
To quantitatively examine adsorption energy, isosteric heats of adsorption 
Qst were calculated by
208 
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where Rg is the gas constant, T is temperature, Nad and Uad are the number of 
adsorbates and adsorption energy, respectively. The partial derivative in 
equation 3.16 was evaluated by the fluctuation theory 
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                        (3.17) 
where the bracket       denotes ensemble average. 
To further characterize the interaction energy between adsorbate molecule 
and framework atoms, the isosteric heats at infinite dilution were estimated by  
                                               
o o
g ads t
 Q R T U                                              (3.18) 
                                 𝑈ad
0  = Utotal – (Uframework + Uadsorbate)                         (3.19) 
where o
a d
U  is the adsorption energy at infinite dilution. to ta lU , fram ew o rkU  and 
Uadsorbate are the potential energies of adsorbent-adsorbate, adsorbent and a 
single adsorbate molecule, respectively. The conformational change of 
adsorbate upon adsorption was taken into account. 
3.2.4 Mean-Squared Displacements 
It is instructive to examine the mobility of adsorbates in the MOFs. To do 
so, mean-squared displacements (MSDs) were calculated from MD 
simulations 
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where t is the time, N is the number of adsorbate molecules, and ri(t) is the 
position of ith molecule at time t. The multiple time-origin method was used to 
evaluate MSDs with K as the number of time origins. 
3.2.5 Selectivity 
To quantify the separation efficacy of a binary mixture, adsorption 
selectivity is defined by 
                                             Sad(i/j) = (Yi/Yj)/(Xi/Xj)                                       (3.21) 
where Yi and Xi are the compositions of component i in adsorbed and bulk 
phases, respectively. 
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 Functionalized MIL-101 for CO2 Capture 
A holistic multi-scale modeling is conducted for CO2 capture in MIL-101 
(MIL: Matérial Institut Lavoisier) functionalized by a series of groups (X = -
NH2, -CH3, -Cl, -NO2 and -CN). MIL-101 is a chromium terephthalate-based 
porous material. With its large surface area and cell volume, MIL-101 exhibits 
high CO2 uptake (40 mmol/g at 303 K and 5 MPa).
111 In addition, MIL-101 is 
thermally stable in air up to 275 °C before decomposition and can withstand 
various organic solvents and solvothermal conditions.209 These remarkable 
properties have led to considerable interest in MIL-101 for CO2 capture. In 
Section 4.1, the atomic models of MIL-101-X are introduced and the multi-
scale modeling methods are described: (1) ab initio calculations for the 
binding energies between CO2 and functional groups, (2) molecular 
simulations for gas adsorption, and (3) breakthrough predictions for the 
separation of CO2/N2 mixture in a fixed bed. In Section 4.2, the adsorption 
properties of pure species (CO2 and N2) and CO2/N2 mixture in MIL-101-X 
are presented and the effects of functional groups are discussed. In addition, 
CO2/N2 separation under moisture is also examined. Finally, the concluding 
remarks are summarized in Section 4.3. 
4.1 Models and Methods 
4.1.1 Atomic Models 
As shown in Figure 4.1, MIL-101 is assembled by corner-sharing 
supertetrahedra consisting of octahedral Cr3O trimers and 1,4-
benzenedicarboxylic acids (1,4-BDC).209 The microporous supertetrahedron, 
with a free aperture of 8.6 Å, has 4 vertices and 6 edges occupied by Cr3O and 
1,4-BDC, respectively. Two types of mesoporous quasi-spherical cages exist 
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in MIL-101. The small cage has 20 supertetrahedra, with a free diameter of 29 
Å, accessible through pentagonal windows of 12 Å; while the large cage has 
28 supertetrahedra, with a free diameter of 34 Å, accessible through 
pentagonal/hexagonal windows of 14.5 × 16 Å. The exposed Cr metallic 
Lewis acid sites are formed by removing terminal water molecules in Cr3O 
trimers. In our previous study,141 the crystalline structure of MIL-101 was 
constructed by combining experimental crystallographic data and energy 
minimization. Each Cr3O trimer contained one F atom and the number ratio of 
F/Cr was 1:3, as experimentally reported.  
 
  
    
Figure 4.1 (a) A unit cell of MIL-101 constructed by combining experimental 
crystallographic data and energy minimization. (b) A supertetrahedron. Cr3O 
clusters are denoted as orange polyhedral, C: blue, O: red, F: cyan, H: white. 
In the current study, the functionalization of MIL-101 was constructed via 
replacing an H atom in each phenyl ring of 1,4-BDC by a functional group X 
(X = -NH2, -CH3, -Cl, -NO2 or -CN). Figure 4.2 shows the functionalized 
phenyl rings Ph-X in MIL-101-X. After adding functional groups, the whole 
unit cell of MIL-101-X was energy minimized. Table 4.1 lists the density, 
surface area, free volume and porosity of each MIL-101-X. The framework 
density increases upon functionalization, whereas the surface area, free 
volume and porosity decrease.  
(a) 
(b) 
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Table 4.1 Density (g/cm3), surface area (m2/g), free volume (cm3/g) and 
porosity of MIL-101-X. 
 
  
-NH2 -CH3 
  
-Cl -NO2 
 
 
-CN  
Figure 4.2 Functionalized (-NH2, -CH3, -Cl, -NO2 and -CN) phenyl rings. 
To estimate the atomic charges of MIL-101-X, density functional theory 
(DFT) calculations were performed on Cr3O trimers (Figure 4.3). The cleaved 
bonds of each trimer were terminated by methyl groups. The DFT calculations 
were conducted in Materials Studio210 using the Becke exchange plus Lee-
Yang-Parr correlation functional, along with the double-ξ numerical 
polarization (DNP) basis set. From the calculated electrostatic potentials, the 
atomic charges were fitted using the Merz-Kollman (MK) scheme.211 The 
dispersion interactions of framework atoms were modeled using the universal 
 MIL-101 MIL-101-NH2 MIL-101-CH3 MIL-101-Cl MIL-101-NO2 MIL-101-CN 
Density 0.439 0.508 0.480 0.553 0.575 0.501 
Surface area 3399.2 3176.3 3380.6 2906.5 2946.9 3276.8 
Free volume 1.874 1.563 1.656 1.429 1.345 1.585 
Porosity 0.824 0.795 0.795 0.790 0.774 0.795 
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force field (UFF).212 A number of simulation studies have shown that UFF can 
accurately predict gas adsorption and diffusion in various MOFs.54,205,213-215  
 
 
 
Figure 4.3 Atomic charges of Cr3O trimers in MIL-101-X. The cleaved bonds 
were saturated by methyl groups (indicated by circles). 
CO2 was represented by the elementary physical model (EPM), which was 
fitted to reproduce the experimental vapour-liquid equilibrium data of bulk 
CO2.
216 The partial charges on C and O atoms were qC = 0.6645e and qO = –
0.33225e (e = 1.6022 ×10-19 C is the elementary charge), respectively. The C-
O bond length was 1.161 Å and the bond angle OCO was 180. The CO2-
CO2 interactions were mimicked by the additive pair-wise Lennard-Jones (LJ) 
and Coulombic potentials shown in equation 3.7. N2 was considered as a two-
site rigid molecule with the N-N bond length of 1.10 Å. The N2-N2 
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interactions were modeled by the LJ potential with parameters fitted to the 
experimental data of bulk N2.
217 Furthermore, the effect of moisture on 
CO2/N2 separation was examined. H2O was mimicked by the three-point 
transferable interaction potentials (TIP3P) model,218 in which the O-H bond 
length was 0.9572 Å and the HOH angle was 104.52. Table 4.2 lists the LJ 
potential parameters and charges of CO2, N2 and H2O. 
Table 4.2 LJ potential parameters and charges of CO2, N2 and H2O. 
 
 
 
 
4.1.2 Methods 
4.1.2.1 Ab Initio Calculations 
To quantitatively evaluate the effect of functional groups on CO2 
adsorption in MIL-101-X, the binding energies between CO2 and 
functionalized phenyl rings Ph-X were estimated by ab initio calculations. In 
principle, the calculations should be conducted between CO2 and MIL-101-X; 
however, MIL-101-X is extremely large. For example, one unit cell of parent 
MIL-101 contains 14416 atoms. Therefore, functionalized phenyl rings Ph-X 
as shown in Figure 4.2 were used instead based on the fact that the difference 
among the MIL-101-X is in the phenyl rings. Although the electrostatic 
properties of the ligands might be affected by metal clusters in the frameworks, 
all MIL-101-X share the same type of metal cluster and topology. The focus is 
on trend of interaction strength between one CO2 molecule and the functional 
ligand, since the difference among the MIL-101-Xs is in the phenyl rings. 
Adsorbate Site σ (Å) ε/kB (K) q (e) 
CO2 
C 2.785 28.999 +0.6645 
O 3.064 82.997 0.33225 
N2 N 3.32 36.4 0 
H2O 
H 0 0 +0.417 
O 3.151 76.47 0.834 
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Therefore the trend revealed from such calculation is representative. There are 
several ab initio studies on functionalized benzenes219 or functionalized 
benzimidazole linkers220 to predict the effects of functional groups on CO2 
adsorption. 
Specifically, the 2nd Møller-Plesset (MP2) method221 was adopted in the ab 
initio calculations using Gaussian 03.174 First, the structures of CO2, Ph-X and 
their complex were optimized separately at a basis set of 6-31++G(d,p). The 
optimization was followed by frequency calculation to assure that the global 
minimum was achieved. Then the single-point energy were calculated at a 
larger basis set of aug-cc-PVQZ. Finally the binding energies were given by 
equation 3.6. The basis set superposition errors (BSSE) were corrected by the 
common counterpoise method.179 
4.1.2.2 Molecular Simulations 
GCMC method was implemented to simulate the adsorption of pure and 
mixed gases in MIL-101-X. As the chemical potentials of adsorbate in 
adsorbed and bulk phases are identical at thermodynamic equilibrium, GCMC 
allows one to directly relate the chemical potentials in both phases and is thus 
widely used to simulate adsorption. For each MIL-101-X, the simulation box 
contained a unit cell of MIL-101-X and the periodic boundary conditions were 
used in all three dimensions. The framework was assumed to be rigid and the 
framework atoms were fixed during simulation. The LJ interactions were 
evaluated using a spherical cut-off of 15 Å with long-range corrections added, 
while the Coulombic interactions were calculated using the Ewald sum 
method.180 The real/reciprocal space partition parameter and the cut-off for 
reciprocal lattice vectors were 0.2 Å-1 and 10, respectively, to ensure the 
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convergence of the Ewald sum. The number of trial moves in a typical GCMC 
simulation was 2  107, with the first 107 moves for equilibration and the 
subsequent 107 moves for ensemble averages. Five types of trial moves were 
randomly attempted in the GCMC simulation: displacement, rotation, and 
partial regrowth at a neighbouring position, complete regrowth at a new 
position, and swap with reservoir including creation and deletion of equal 
probability. For gas mixture, an additional type of trial moves namely identity 
exchange was also attempted. Unless otherwise mentioned, the simulation 
uncertainties were smaller than the symbol sizes presented below.  
4.1.2.3 Breakthrough Predictions 
An industrial adsorptive process is usually carried out in a fixed-bed 
packed with adsorbent.198 The breakthrough curves from the fixed-bed provide 
valuable information, e.g. adsorption-regeneration cycle time, for the design 
and scale-up of the fixed-bed. We predict the breakthrough curves for a 
CO2/N2 mixture in MIL-101-X using the adsorption isotherms of pure CO2 
and N2 calculated from GCMC simulations. The prediction essentially 
involves the estimation of adsorbate concentration at the outlet after a step 
change in adsorbate concentration is introduced at the inlet. For an axially-
dispersed plug flow along the z-direction, the concentration at any position can 
be obtained as a function of time t by solving the overall and component mass-
balance equations in equations 3.11 and 3.12.199,200 The mass transfer rate into 
adsorbent is expressed using the linear driving force (LDF) model (refer to 
equation 3.13). The LDF rate constant is related to external film, macropore, 
and micropore resistances. It is commonly acceptable to assume that the 
micropore (intracrystalline diffusion) resistance is negligible, particularly 
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when rc is small and Dc is large. Under this study, MIL-101-X has cages in the 
order of 1 nm; thus this assumption is reasonable. In the predictions, the set of 
partial differential equations were converted into dimensionless by introducing 
scaling factors, and then solved numerically by reducing into a set of ordinary 
differential equations via the finite difference technique for spatial terms. 
Finally, the ordinary differential equations subjected to appropriate initial and 
boundary conditions were solved.  
4.2 Results and Discussion 
4.2.1 Adsorption of Pure CO2 and N2 
To validate the atomic models, CO2 adsorption in parent MIL-101 was 
simulated and compared with available experimental data.66,111  It should be 
noted that experiments conducted by Llewellyn et al. were conducted in three 
MIL-101 samples, namely, MIL-101a as-synthesized, MIL-101b activated by 
ethanol, and MIL-101c activated by ethanol and KF.111 These samples differed 
primarily in the amount of residual terephthalic acid and in the density of 
Lewis acid Cr sites (500, 700 and 1000 mol/g, respectively). CO2 adsorption 
was affected by activation method and the extent of uptake increased in the 
order of MIL-101a < MIL-101b < MIL-101c. Among the three samples, MIL-
101c was activated the most thoroughly and contained the least amount of 
residual terephthalic acid. Thus, the crystal structure of MIL-101c is the 
closest to that of MIL-101 in this study. As shown in Figure 4.4, the simulated 
CO2 isotherm matches well with the measured data in MIL-101c (exp.
1),111 as 
well as the data collected by Lin et al. (exp.2).66 The deviations can be 
attributed to the difference between the atomic model in our modeling and real 
sample. The model does not contain any residual terephthalic acid, though 
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some probably remained in the sample. Nevertheless, the fairly good 
agreement suggests that the models used are reliable.  
Figure 4.5 shows the adsorption isotherms of CO2 and N2 in MIL-101-X 
based on the number of molecules per unit cell. Apparently, CO2 has a greater 
uptake than N2 as attributed to two reasons. Firstly, CO2 is a three-site 
molecule in contrast to N2; secondly, CO2 has a large quadrupole moment. 
Consequently, CO2 interacts more strongly than N2 with the MIL-101-X 
framework. 
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Figure 4.4 Adsorption isotherm of CO2 in MIL-101 at 303 K. Data in exp.
1 
were based on MIL-101 sample activated by hot ethanol and KF.111 Data in 
exp.2 were measured at 298 K.66  
Within the pressure range studied, N2 exhibits linear isotherms because the 
adsorption is far away from saturation. Furthermore, N2 uptake in different 
MIL-101-X is similar, which implies the functional group has a weak effect on 
N2 adsorption. However, the effect on CO2 uptake is significant. In the low-
pressure regime (Figure 4.5a), CO2 uptake increases in the order of MIL-101 
< MIL-101-CN < MIL-101-NO2 < MIL-101-Cl < MIL-101-CH3 < MIL-101-
NH2. This suggest that CO2 uptake is enhanced upon functionalization of 
MIL-101. Nevertheless, the degree of enhancement depends on the nature of 
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functional group. Among the five groups, the polar protic -NH2 group appears 
to have the strongest effect and hence MIL-101-NH2 exhibits the highest 
uptake. Intuitively, the negatively charged N atom (0.965e) in -NH2 can 
interact favourably with the positively charged C (0.6645e) in CO2; moreover, 
the acidic H atoms in -NH2 and the O atoms in CO2 can form hydrogen bonds 
(H-bonds). In contrast, no such H-bond is present in the other four groups (-
CH3, -Cl, -NO2 and -CN); consequently, -NH2 has the largest enhancement. 
Quantitatively, the effect of the five functional groups can be interpreted by 
their binding energies with CO2 estimated from ab initio calculations.  
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Figure 4.5 Adsorption isotherms of CO2 and N2 in MIL-101-X (a) low-
pressure regime (b) high-pressure regime. 
Figure 4.6 illustrates the optimized structures between CO2 and 
functionalized phenyl rings. The binding energies Ebinding shown in Figure 4.7 
increase as -CN < -NO2 < -Cl < -CH3 < -NH2, which is in same order of 
uptake enhancement. This reveals that the effect of functional groups on CO2 
adsorption in MIL-101 essentially follows the Ebinding with CO2. Nevertheless, 
it should be noted that several other factors, such as pore size, framework 
topology and crystal environment, could also come into play with functional 
groups. Therefore, the effect of functional groups in other MOFs might not be 
simply governed by the Ebinding.  
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Figure 4.6 Optimized structures between CO2 and functionalized phenyl rings 
Ph-X (X = -NH2, -CH3, -Cl, -NO2 and -CN). 
In high-pressure regime (Figure 4.5b), CO2 uptake does not follow the 
trend of Ebinding and the MIL-101 functionalized by a smaller group exhibits a 
higher uptake (e.g. MIL-101-CN > MIL-101-NO2). When pressure increases, 
the cages in MIL-101-X are gradually filled by adsorbates and the favourable 
adsorption sites are largely occupied, thus the free volume becomes more 
dominant for adsorption. As mentioned above, the pressure examined here is 
far away from saturation and the saturation capacity in the parent MIL-101 is 
expected to be the highest. This is because in the absence of functional groups, 
MIL-101 possesses the largest free volume compared to the functionalized 
counterparts as listed in Table 4.1. It is instructive to compare CO2 capacity in 
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MIL-101-X with other MOFs. At 100 kPa, MIL-101-NH2 possesses a capacity 
of 670 molecules/unit cell (3.4 mmol/g), which is higher than MOF-2, Mg-
MOF-1 and UMCM-150 (0.55  2.32 mmol/g),52 comparable to bio-MOF-11, 
HKUST-1 and CuTATB-60 (3.45  3.61 mmol/g).52 
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Figure 4.7 Binding energies between CO2 and functionalized phenyl rings Ph-
X (X = -NH2, -CH3, -Cl, -NO2 and -CN).  
To evaluate the interaction strength between adsorbate and adsorbent, the 
isosteric heat of adsorption Qst was calculated. As shown in Figure 4.8, the Qst 
of N2 in MIL-101 remains almost a constant (10.6 kJ/mol) within 0 – 100 kPa. 
Upon adding functional groups, the Qst increases up to 12  13 kJ/mol in all 
the five MIL-101-X. Thus functionalization has a weak effect on the Qst of N2, 
similar to the isotherm of N2 in Figure 4.5. For CO2, the Qst is higher than that 
of N2 due to the stronger interaction between CO2 and framework. 
Furthermore, the Qst is obviously affected by functionalization, particularly in 
low-pressure regime. Compared to isotherm, however, the prediction of Qst 
has a bit larger uncertainty. Approximately, the Qst in low-pressure regime 
increases in the order of MIL-101 < MIL-101-CN < MIL-101-NO2 < MIL-
101-CH3  MIL-101-Cl  MIL-101-NH2. This largely follows the trend in 
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Figures 4.5 and 4.7. With increasing pressure, the Qst drops slightly. The 
reason is that adsorption occurs at less favourable sites when pressure 
increases and hence adsorbate-adsorbent interaction becomes weaker. At a 
high pressure (e.g. 100 kPa), the Qst tends to be close in all the MIL-101-X 
and the effect of functional group is marginal.  
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Figure 4.8 Isosteric heats of CO2 and N2 adsorption in MIL-101-X. 
A sticking factor defined as222 
2
C O a re a
/S F N A          (4.1) 
is introduced to further evaluate the effect of functional groups on CO2 
adsorption. 
2
C O
N  is CO2 uptake (wt%) and Aarea is surface area (m
2/g). As 
shown in Figure 4.9, the sticking factor increases upon functionalization 
following the same trend of isotherm. The increase is attributed to two factors: 
firstly, the uptake is enhanced in MIL-101-X compared to MIL-101, and 
secondly, the surface area in MIL-101-X is smaller than in MIL-101 (see 
Table 4.1). The favourable locations of adsorbed CO2 at 100 kPa are 
illustrated in Figure 4.10, which shows the density distributions in MIL-101 
and MIL-101-NH2. The density contours were generated by accumulating the 
centres-of-mass of CO2 molecules over 100 equilibrium configurations. In 
CO2 
N2 
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MIL-101, CO2 is adsorbed inside the supertetrahedra as also observed in our 
previous study.141 In MIL-101-NH2, CO2 is further accommodated near -NH2 
groups. This demonstrates that -NH2 groups are additional adsorption sites for 
CO2. Similar distributions are observed in the other four MIL-101-X (X = -
CH3, -Cl, -NO2 and -CN), but with a lower density compared to MIL-101-NH2. 
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Figure 4.9 Sticking factors of CO2 adsorption in MIL-101-X. 
 
 
Figure 4.10 Density distributions of CO2 in MIL-101 and MIL-101-NH2 at 
100 kPa. The density scale is based on the number of molecules per Å3. 
4.2.2 Adsorption of CO2/N2 Mixture 
A CO2/N2 mixture with composition of 0.15/0.85 was used to mimic a flue 
gas. Figure 4.11a shows the adsorption isotherms of the CO2/N2 mixture in 
MIL-101-X. In low-pressure regime (e.g. Ptotal = 20 kPa), CO2 uptake 
increases following the order of binding energy (MIL-101 < MIL-101-CN < 
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MIL-101-NO2 < MIL-101-Cl < MIL-101-CH3 < MIL-101-NH2). In high-
pressure regime (e.g. Ptotal = 100 kPa), however, CO2 uptake follows MIL-101 
< MIL-101-NO2 < MIL-101-CN < MIL-101-Cl < MIL-101-CH3 < MIL-101-
NH2. As discussed above, this is because the capacity at a high pressure is 
governed by free volume rather than binding energy. To quantify separation 
efficiency, the selectivity is calculated and shown in Figure 4.11b. CO2/N2 
selectivity decreases in all the MIL-101-X with increasing pressure because 
adsorbate molecules are adsorbed at less favourable sites at a high pressure. 
The selectivity is approximately 16 in MIL-101 and enhanced upon 
functionalization. At infinite dilution, the enhancement is nearly 2.5 times in 
MIL-101-NH2 and MIL-101-Cl. In low-pressure regime, the selectivity 
increases as MIL-101 < MIL-101-CN < MIL-101-CH3 < MIL-101-NO2 < 
MIL-101-Cl < MIL-101-NH2. Except MIL-101-CH3, the trend is similar to 
those in Figures 4.5 and 4.9. Compared to other groups, -CH3 has larger 
enhancement for N2 adsorption because of stronger LJ interaction, and thus 
CO2/N2 selectivity is slightly lower. It should be noted that the selectivity in 
MIL-101-X is higher than that in several MOFs such as Zn2(bdc-OH)2(ted), 
PCN-61 and CuBTC (ranging from 4 to 21 at similar conditions).223   
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Figure 4.11 (a) Adsorption isotherms and (b) selectivities of a CO2/N2 mixture 
(0.15/0.85) in MIL-101-X. 
(a)                        (b)  
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The presence of moisture (H2O) can adversely affect gas adsorption and 
separation. For example, a very small amount of H2O in Li-LSX zeolite 
substantially affects the adsorption capacity of N2, O2 and Ar due to the 
shielding of cations by H2O.
224 In Na-rho-ZMOF, the interaction between CO2 
and Na+ is significantly reduced with a trace amount of H2O added into 
CO2/CH4 mixture; consequently, CO2 adsorption drops and CO2/CH4 
selectivity decreases by one order of magnitude.143 In other cases, however, 
the addition of H2O might be beneficial, e.g., the presence of pre-adsorbed 
H2O in BaX zeolite increases the selectivity toward p-xylene in p-xylene/m-
xylene mixture.225 Adsorption of CO2 and CH4 is enhanced in Cu-BTC via the 
occupation of open metal sites by coordinated water molecules.142 In the 
presence of H2O, CO2/H2 selectivity in soc-MOF increases at low pressures 
due to the promoted adsorption of CO2 by H2O bound onto metal sites, but 
decreases at high pressures as a result of competitive adsorption between H2O 
and CO2.
138 To evaluate the effect of moisture on CO2/N2 separation under this 
study, the adsorption of ternary mixture CO2/N2/H2O in MIL-101-X was 
simulated. The total pressure of CO2/N2/H2O mixture was 100 kPa, the molar 
ratio of CO2/N2 was 0.15/0.85, and the pressure of H2O varied from zero to 4.2 
kPa (i.e. the saturation pressure of H2O at 303 K). Accordingly, the relative 
humidity changed from zero to 100%. Figure 4.12 shows the effect of 
moisture on CO2/N2 selectivity in MIL-101-X. With increasing relative 
humidity, the selectivity in each MIL-101-X remains nearly a constant, which 
suggests moisture has an insignificant effect.  
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Figure 4.12 Effect of moisture on CO2/N2 selectivity in MIL-101-X. The total 
pressure of CO2/N2/H2O mixture is 100 kPa. The molar ratio of CO2/N2 is 
0.15/0.85. 
To mimic a practical adsorption process, breakthrough profiles were 
predicted through a fixed-bed. Figure 4.13 plots the breakthrough curves of 
CO2 and N2 in the parent MIL-101. The inlet CO2/N2 mixture is at 303 K and 
100 kPa. The breakthrough can be characterized by different regimes. First, 
nearly pure N2 exits from the bed while CO2 is adsorbed. After a certain time, 
CO2 breakthrough occurs and gradually reaches its feed composition; 
meanwhile, N2 concentration at the outlet drops to its feed composition. To 
quantify, the breakthrough time τ is defined as the time when the composition 
at the outlet is 10-4. Thus τ is 6.4 for N2 and 52 for CO2, which clearly 
indicates that MIL-101 is capable of separating the CO2/N2 mixture.  
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Figure 4.13 Breakthrough curves of CO2 and N2 for a CO2/N2 mixture 
through a fixed-bed packed with MIL-101. The inlet CO2/N2 mixture 
(0.15/0.85) is at 100 kPa. 
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The breakthrough curves of CO2 in functionalized MIL-101 are shown in 
Figure 4.14 and the breakthrough times are listed in Table 4.3. Upon 
functionalizing, the breakthrough time of CO2 is extended. Specifically, the 
breakthrough time increases as MIL-101 < MIL-101-NO2 < MIL-101-CN < 
MIL-101-Cl < MIL-101-CH3 < MIL-101-NH2, which coincides with the trend 
of CO2 uptake at 100 kPa in Figure 4.11a. The longest breakthrough time is 
100 in MIL-101-NH2, two times in MIL-101. This reveals that the separation 
performance of CO2/N2 mixture is significantly improved by functionalization.  
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Figure 4.14 Mole fraction of outlet CO2 versus time for a CO2/N2 mixture 
through a fixed-bed packed with MIL-101-X. The inlet CO2/N2 mixture 
(0.15/0.85) is at 100 kPa. 
In addition to selectivity and breakthrough time, working capacity and 
regenerability226 are also important to evaluate separation performance. Here 
the working capacity is calculated by 
                                            2 2 2
ad s d es
C O C O C O
  N N N
                                       (4.2) 
where 
2
a d s
C O
N  is CO2 capacity for CO2/N2 mixture (0.15/0.85) at 1 bar during 
adsorption step; 
2
d e s
C O
N  is CO2 capacity for pure CO2 at 0.1 bar during 
desorption step, based on the fact that CO2 is much more strongly adsorbed 
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than N2 and only CO2 exists in the fixed-bed before desorption. The 
regenerability is defined as   
2 2
ad s
C O C O
/ 1 0 0 %  R N N                 (4.3) 
As tabulated in Table 4.3, the working capacity in MIL-101 increases 
upon adding -NH2, -CH3 and -CN groups particularly -NH2 (by ~ 40%), while 
the regenerability decreases slightly. Overall, the separation of CO2/N2 
mixture is improved in functionalized MIL-101. 
Table 4.3 Breakthrough time τ, working capacity NCO2 (mmol/g) and 
regenerability R for a CO2/N2 mixture (0.15:0.85) at 1 bar in MIL-101-X. 
 
4.3 Summary 
A multi-scale modeling study has been conducted to examine the effect of 
functional groups (-CH3, -Cl, -NO2, -CN and -NH2) on the adsorption and 
separation of CO2/N2 in MIL-101. While N2 adsorption is essentially 
independent of functionalization, CO2 adsorption in low-pressure regime is 
significantly affected. Particularly, CO2 uptake and isosteric heat increase as 
MIL-101 < MIL-101-CN < MIL-101-NO2 < MIL-101-Cl < MIL-101-CH3 < 
MIL-101-NH2. The hierarchy follows the binding energies between CO2 and 
functional groups. In high-pressure regime, however, CO2 uptake does not 
follow the trend and MIL-101-X with a smaller functional group exhibits a 
higher uptake due to the dominant role of free volume. In MIL-101-X, CO2 
molecules are adsorbed in the supertetrahedra and also proximal to the 
functional groups that act as additional adsorption sites.  
 MIL-101 -NH2 -CH3 -Cl -NO2 -CN 
τ 52 101 99 88 72 74 
NCO2 0.168 0.233 0.224 0.172 0.127 0.209 
R (%) 26.32 21.65 21.01 20.97 19.46 25.38 
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For the separation of CO2/N2 mixture, CO2/N2 selectivity increases upon 
functionalization. At infinite dilution, the selectivity varies from 16 in MIL-
101 to 40 in MIL-101-NH2 and MIL-101-Cl. In low-pressure regime, the 
selectivity increases in the order of MIL-101 < MIL-101-CN < MIL-101-CH3 
< MIL-101-NO2 < MIL-101-Cl < MIL-101-NH2. Moisture has an insignificant 
effect on the selectivity. The breakthrough time in a fixed-bed packed is 
extended by functionalization; the longest breakthrough time is 100 in MIL-
101-NH2. The working capacity increases in functionalized MIL-101, by 40% 
in MIL-101-NH2 relative to MIL-101. All these suggest that the separation 
performance of CO2/N2 mixture is improved by functionalization. The multi-
scale modeling study reveals that functionalization enhances CO2 adsorption, 
as well as CO2/N2 selectivity, breakthrough time and working capacity. 
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 CO2 Capture in rht-Type Metal–Organic 
Frameworks 
CO2 capture in a series of MOFs with identical rht topology is 
investigated by multi-scale modeling. Due to the presence of large surface area, 
high pore volume and high density of open metal sites, rht-MOFs have called 
considerable interest.227 More interestingly, their organic ligands can be 
systematically tuned to yield different isoreticular counterparts, e.g., Cu-
TDPAT (also known as rht-MOF-7),228-230 PCN-61, -66 and -68,231 NOTT-
112,232 NU-110,233 and NU-111.234 A number of simulation studies were 
performed on gas adsorption in various rht-MOFs. Li and co-workers 
examined pure CO2, N2 and CH4 adsorption in Cu-TDPAT and calculated CO2 
selectivity in binary and ternary mixtures by ideal adsorbed solution theory 
(IAST).223 Space and co-workers developed potentials including many-body 
polarization effects to simulate the adsorption of H2 and CO2 in rht-MOF-7,
235 
PCN-61236,237 and PCN-66.238 Here, our study is focused on comprehensive 
analysis of the adsorption of pure and mixture gases (CO2, N2, H2 and CH4) in 
seven rht-MOFs (Cu-TDPAT, PCN-61, -66, and -68, NOTT-112, NU-110 
and NU-111), and development of structure-property relationships. 
Furthermore, using Cu-TDPAT as a parent structure, an N-rich new MOF 
coined as Cu-TDPAT-N is designed and evaluated for CO2 capture. In 
addition, the breakthrough profiles in Cu-TDPAT and Cu-TDPAT-N are 
predicted for gas mixtures on the basis of simulation results, toward practical 
separation processes. Following this introduction, the atomic models of the 
seven rht-MOFs and the modeling methods for molecular simulation and 
breakthrough prediction are briefly outlined in Section 5.1. In Section 5.2, the 
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simulated adsorption isotherms of pure gases in the rht-MOFs are compared 
with experimental data, the effects of ligand size on the adsorption of pure 
gases and separation of gas mixtures are discussed; then the new Cu-TDPAT-
N is examined for CO2 adsorption and separation, which are in turn compared 
with Cu-TDPAT. Finally, the concluding remarks are summarized in Section 
5.3. 
5.1 Models and Methods 
5.1.1 Atomic Models 
5.1.1.1 rht-MOFs 
 
Figure 5.1 Organic ligands and Cu paddle-wheel units in rht-MOFs. Cu: 
orange, C: grey, O: red, N: blue, and H: white. The dashed line (in NOTT-112) 
illustrates the definition of ligand size. 
The rht-MOFs are built on highly symmetrical 3 isophthalate moieties of 
dendritic hexacarboxylate ligands and 24-square paddle-wheel units. Every 
paddle-wheel Cu2(COO)4 is connected to 4 hexacarboxylate ligands. Figure 
5.1 shows the ligands in the seven MOFs (Cu-TDPAT, PCN-61, -66, -68, 
NOTT-112, NU-111 and NU-110), namely 2,4,6-tris(3,5-
dicarboxylphenylamino)-1,3,5-triazine, 5,5',5''-benzene-1,3,5-triyltris(1-
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ethynyl-2-isophthalate), 5,5',5''-(4,4',4''-nitrilotris(benzene-4,1-
diyl)tris(ethyne-2,1-diyl))triisophthalate, 5,5'-((5'-(4-((3,5-
dicarboxyphenyl)ethynyl)phenyl)-[1,1':3',1''-terphenyl]-4,4''-diyl)-bis(ethyne-
2,1-diyl))diisophthalic acid, 1,3,5-tris(3',5''-dicarboxy[1,1'-biphenyl]-4-yl-
)benzene, 1,3,5-tris[(1,3-carboxylic acid-5-(4-(ethynyl)phenyl))butadiynyl]-
benzene, and 1,3,5-tris[((1,3-carboxylic acid-5-(4-
(ethynyl)phenyl))ethynyl)phenyl]-benzene. There are three types of cages in 
the framework, as shown in Figure 5.2 for Cu-TDPAT, including truncated 
tetrahedron (T-Td), cuboctahedron (cub-Oh) and truncated octahedron (T-Oh) 
cages. The structures of the seven rht-MOFs were constructed based on 
experimental crystallographic data. The terminal oxygen atoms were removed 
and the disordered phenyl rings were corrected. The structures were then 
optimized using Forcite in Materials Studio by keeping the cell parameters 
unchanged.  
 
Figure 5.2 Three types of cages in rht-MOFs (Cu-TDPAT as an example). 
Truncated octahedron (T-Oh): pink, cuboctahedron (cub-Oh): green, and 
truncated tetrahedron (T-Td): cyan. 
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Figure 5.3 Structures of rht-MOFs. Cu: orange polyhedron, C: grey, O: red, 
N: blue, and H: white. The sizes are not in the same scale. 
Figure 5.3 shows the optimized structures and Table 5.1 lists the 
structural properties. The surface area, pore volume and porosity were 
calculated using an in-house Monte Carlo (MC) code. For surface area 
calculation, a probe of 3.64 Å in diameter representing N2 was used, while He 
was used as a probe for pore volume and porosity calculation. The cage sizes 
were calculated by the HOLE program.206   
Table 5.1 Structural properties of rht-MOFs. 
rht-MOF Cu-TDPAT PCN-61 NOTT-112 NU-111 PCN-66 PCN-68 NU-110 Cu-TDPAT-N 
Ligand size (Å) 5.0 6.9 8.6 9.4 9.8 11.2 17.7 5.0 
Density (g/cm3) 0.78 0.56 0.50 0.41 0.45 0.38 0.22 0.79 
Sa (m
2/g) 2121.6 3159.9 3990.6 5159.3 4351.6 5328.7 7206.1 2270.8 
Vp (cm
3/g) 0.92 1.37 1.59 2.07 1.69 2.16 4.18 0.97 
Porosity (%) 72.0 76.5 80.5 84.7 75.4 83.3 92.8 75.6 
cub-Oh size (Å) 12.3 12.4 12.4 12.8 12.4 12.4 12.4 12.5 
T-Td size (Å) 9.3 11.9 13.5 17.2 12.3 14.6 17.9 9.6 
T-Oh size (Å) 16.5 18.7 21.0 23.9 20.8 23.9 27.6 16.7 
 
As plotted in Figure 5.4, the surface area, pore volume and porosity 
increase with ligand size in the seven rht-MOFs. The coefficient of 
determination R2 is calculated and shown in each plot. Each R2 value is close 
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to one, showing relative good linearity. The cub-Oh cage has similar size in all 
the MOFs, while the T-Od and T-Th cages become larger with increasing 
ligand size; however, an exception is seen in NU-111. This is because the 
ligand of NU-111 is rich in -CC- bonds, unlike the other six MOFs that 
contain mostly phenyl rings.  
 
Figure 5.4 Surface area, pore volume and porosity versus ligand size. 
The framework atoms were described by LJ and Coulombic potentials. 
The atomic charges were calculated by density functional theory (DFT) using 
the fragmental clusters illustrated in Figure 5.5. The DFT calculations 
employed the Becke exchange plus the Lee-Yang-Parr correlation functional 
(B3LYP) and were carried out using Gaussian 09.175 The 6-31G(d) basis set 
was used for all the atoms except Cu atoms, for which LANL2DZ basis set 
was used. By fitting the electrostatic potentials using the ChelpG scheme, the 
atomic charges were estimated as listed in Table 5.2. The LJ potential 
parameters, as listed in Table 5.3, were adopted from the universal force field 
(UFF).212 It has been revealed that the UFF can accurately predict gas 
adsorption in various MOFs.239 The cross LJ potential parameters of different 
atoms were calculated using the Lorentz-Berthelot mixing rules. 
R2 = 0.9146                                                   R2 = 0.9881                                                     R2 = 0.8659 
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Figure 5.5 Fragmental clusters used in DFT calculations. The cleaved bonds 
of each cluster were terminated by methyl groups. 
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Table 5.2 Atomic charges of rht-MOFs. 
Cu-TDPAT Cu-TDPAT-N PCN-61 
Atom Charge (e) Atom Charge (e) Atom Charge (e) 
Cu1 1.073 Cu1 1.091 Cu1 1.096 
Cu2 1.081 Cu2 1.084 Cu2 1.067 
O1 –0.657 O1 –0.653 O1 –0.657 
O2 –0.672 O2 –0.683 O2 –0.667 
C1 0.773 C1 0.727 C1 0.764 
C2 –0.130 C3 0.370 C2 –0.089 
C3 –0.016 C4 –0.421 C3 –0.025 
C4 –0.231 C5 0.624 C4 –0.148 
C5 0.440 C6 1.014 C5 0.221 
C6 1.024 N1 –0.768 C6 –0.138 
N1 –0.749 N2 –0.839 C7 –0.117 
N2 –0.864 N3 –0.546 C8 0.248 
H1 0.378 H1 0.389 C9 –0.264 
H2 0.127 H4 0.179 H2 0.117 
H4 0.152   H4 0.129 
    H9 0.147 
 
NOTT-112 NU-111 PCN-66 PCN-68 
Atom Charge (e) Atom Charge (e) Atom Charge (e) Atom Charge (e) 
Cu1 1.078 Cu1 1.073 Cu1 1.017 Cu1 1.055 
Cu2 1.060 Cu2 1.048 Cu2 1.032 Cu2 1.090 
O1 –0.644 O1 –0.645 O1 –0.568 O1 –0.631 
O2 –0.646 O2 –0.645 O2 –0.602 O2 –0.655 
C1 0.736 C1 0.744 C1 0.588 C1 0.717 
C2 –0.076 C2 –0.083 C2 –0.155 C2 –0.121 
C3 –0.036 C3 –0.028 C3 0.045 C3 0.002 
C4 –0.099 C4 –0.153 C4 –0.170 C4 –0.171 
C5 0.017 C5 0.251 C5 0.232 C5 0.245 
C6 0.120 C6 –0.162 C6 –0.110 C6 –0.153 
C7 –0.161 C7 0.006 C7 –0.212 C7 –0.135 
C8 –0.148 C8 –0.004 C8 0.332 C8 0.235 
C9 0.111 C9 –0.140 C9 –0.203 C9 –0.155 
C10 0.042 C10 0.269 C10 –0.223 C10 –0.176 
C11 –0.146 C11 –0.265 C11 0.357 C11 0.135 
H2 0.111 H2 0.118 N1 –0.494 C12 0.017 
H4 0.101 H4 0.130 H2 0.141 C13 –0.112 
H7 0.115 H11 0.143 H4 0.138 H2 0.130 
H8 0.125   H9 0.130 H4 0.135 
H11 0.064   H10 0.143 H9 0.115 
      H10 0.138 
      H13 0.051 
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NU-110 
Atom Charge (e) Atom Charge (e) Atom Charge (e) 
Cu1 1.103 C7 –0.117 C17 0.054 
Cu2 1.250 C8 0.220 C18 0.079 
O1 –0.622 C9 –0.160 C19 –0.172 
O2 –0.639 C10 –0.162 H2 0.114 
C1 0.644 C11 0.233 H4 0.137 
C2 –0.081 C12 –0.151 H9 0.123 
C3 –0.025 C13 –0.144 H10 0.118 
C4 –0.166 C14 0.261 H15 0.116 
C5 0.262 C15 –0.183 H16 0.111 
C6 –0.167 C16 –0.120 H19 0.084 
 
Table 5.3 Universal force field (UFF) parameters of rht-MOFs. 
Atom    (Å)   ε/kB (K) 
  Cu 3.114 2.5138 
  O 3.118 30.166 
  N 3.261 34.691 
  C 3.431 52.790 
  H 2.571 22.122 
 
5.1.1.2 Gas Molecules 
CO2 molecule was represented by the TraPPE force field.
240 The C–O 
bond length was 1.16 Å and the bond angle OCO was 180. N2 was 
considered as a two-site molecule with the N-N bond length of 1.10 Å, and N-
N interaction was modeled by the LJ potential as fitted to the experimental 
data of bulk N2.
217 A united-atom model was used for CH4 with the potential 
parameters from the TraPPE force field.241 H2 was mimicked as a single-site 
Buch model.242 Table 5.4 lists the potential parameters for CO2, N2, CH4 and 
H2. It is well recognized that quantum dispersion effect plays a substantially 
important roles for H2 at a cryogenic temperature. To estimate this effect, the 
deBroglie wavelength was estimated 
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2H B
/ 2h m k T 
                                     (5.1) 
where h is the Planck constant (6.62608  10-34 Js), 
2H
m  is the molar mass of 
H2 (3.34524  10-27 kg),243 Bk  is the Boltzmann constant (1.38066  10
-23 
J/K),244 and T is temperature. At 77 K,   is approximately 1.402 Å for H2, in 
the same magnitude as the range of intermolecular distance. Consequently, the 
quantum dispersion effect cannot be neglected at 77 K, especially at high 
pressures. Two methods are widely used to incorporate the quantum 
dispersion effect, namely, path integral (PI) formalism and Feynman-Hibbs 
(FH) variational approach. The PI formalism is theoretically exact but 
computationally more expensive. In this study, the quantum dispersion effect 
for H2 were incorporated by the FH effective potential
245  
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where 
B
1 / k T  ,  is reduced Planck constant (= h/2), and  is reduced 
mass. Equation 5.2 gives the quartic approximation of the FH effective 
potential and is superior to the quadratic approximation in confined 
systems.246 The quantum dispersion effect is negligible for H2 at room 
temperature or for other gases. 
Table 5.4 Potential parameters of CO2, N2, H2 and CH4. 
Adsorbate Site  (Å) 
B
/ ( K )k
 
q (e)
 
CO2 
C 2.8 27 0.7 
O 3.05 79 0.35 
N2 N 3.32 36.4 - 
H2 H 2.96 34.2 - 
CH4 CH4 3.75 148 - 
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5.1.2 Methods 
5.1.2.1 Molecular Simulation 
Grand Canonical Monte Carlo (GCMC) method was used to simulate the 
adsorption of pure and mixed gases in the rht-MOFs using a modified version 
of BIGMAC.188 For Cu-TDPAT and Cu-TDPAT-N, the simulation box 
contained eight (2  2  2) unit cells; while one unit cell was used for the rest 
of rht-MOFs. The frameworks were assumed to be rigid and the periodic 
boundary conditions were exerted in three dimensions. A spherical cut-off of 
15 Å with long-range correction was used to calculate the LJ interactions, 
whereas the Coulombic interactions were calculated using the Ewald sum. The 
real/reciprocal space partition parameter and the cut-off for reciprocal lattice 
vectors were 0.2 Å-1 and 10, respectively. The number of trial moves in a 
typical GCMC simulation was 2  107, with the first 107 moves for 
equilibration and the subsequent 107 moves for ensemble averages. Five types 
of trial moves were randomly attempted: translation, rotation, and partial 
regrowth at a neighbouring position, complete regrowth at a new position, and 
swap with reservoir including creation and deletion of equal probability. For 
gas mixtures, an additional type of trial moves namely identity exchange was 
also attempted. Unless otherwise mentioned, the simulation uncertainties were 
smaller than the symbol sizes presented below. 
5.1.2.2 Breakthrough Prediction 
The breakthrough curves for CO2/N2, CO2/H2 and CO2/CH4 mixtures at 
298 K and 1 bar were predicted on the basis of the simulated adsorption 
isotherms of pure gases. As outlined in Chapter 4, adsorbate concentration at a 
position of the fixed-bed can be obtained by solving the overall and 
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component mass-balance equations.199,200 The mass transfer rate into 
adsorbent is expressed using the linear driving force model. The set of partial 
differential equations were solved numerically by reducing into a set of 
ordinary differential equations via the finite volume technique for spatial terms. 
Finally, the ordinary differential equations subjected to appropriate initial and 
boundary conditions were solved. The parameters used were listed in Table 
5.5 and Table 5.6. 
Table 5.5 Parameters and constants.247,248 
 CO2 N2 CH4 H2 
Molar mass (g/mol) 44.009 28.014 16.043 2.016 
Density (kg/m3) 1.776 1.131 0.648 0.0814 
Viscosity (10-5 kg/(m·s)) 1.503 1.769 1.114 0.885 
 
Table 5.6 Fixed-bed properties and feed conditions 
Notation Meaning Value 
T temperature (K) 298 
P pressure (bar) 1 
Lb bed length (m) 0.2 
εb bed voidage 0.4 
v interstitial feed velocity (m/s) 0.07  
Rp particle radius (cm) 0.15 
εp/τp porosity/tortuosity 0.1 
 
5.2 Results and Discussion 
5.2.1 Validation of Models and Force Fields 
To validate the models used, the predicted adsorption isotherms of pure 
gases (CO2, N2, H2 and CH4) are compared with available experimental data. 
As shown in Figure 5.6, fairly good agreement is found between simulation 
and experiment in Cu-TDPAT, particular for the adsorption of CO2, N2 and H2 
over a wide range of pressure at both high and low temperatures.  
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Figure 5.6 Pure gases adsorption isotherms in Cu-TDPAT. Experimental data 
for CO2 and H2 are from Luebke et al.
230 and Li et al.,228 for N2 and CH4 are 
from Wu et al.229 
We should note that two groups reported different extent of CO2 
adsorption in Cu-TDPAT (or rht-MOF-7),230,228 and it remains unknown 
about the causing effect. For CH4 adsorption in Cu-TDPAT, relatively larger 
deviations are found between simulation and experiment. This implies that the 
united-atom model used for CH4 might not be very accurate in heterogeneous 
crystalline environment. Figure 5.7Figure 5.10 plot the adsorption isotherms 
of CO2, N2, H2 and CH4 respectively in the other rht-MOFs. The simulated 
results generally match well with experimental data, despite overestimation for 
CH4 in PCN-61, -66, -68 and NU-111. For N2 adsorption isotherm in NU-110, 
our simulated result matches well with literature simulation values, but differs 
from experimental data, as shown in Figure 5.8. This might be caused by 
limitation of force field, or due to imperfection of experimental samples.233 
Nevertheless, the three distinct adsorption regions are clearly shown. For H2 
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adsorption at low pressures, the Buch model appears to underestimate the 
experimental uptake (Figure 5.9). Obviously, improvement in the models is 
desired to achieve better agreement with experiment. Nevertheless, the models 
used can fairly well describe the adsorption of various gases in the seven rht-
MOFs and are appropriate being adopted here to reveal the general structure-
property relationships. 
.  
 
Figure 5.7 CO2 adsorption isotherms at 298 K. Experimental data in PCN-61, 
-66, and -68 are from Yuan et al.,231 in NU-111 from Peng et al..249 
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Figure 5.8 N2 adsorption isotherms at 77 K. Experimental data in PCN-61, -
66, and -68 are from Yuan et al.,231 in NOTT-112 from Yan et al.,232 in NU-
111 from Peng et al.,249 and in NU-110 from Farha et al.233 
 
 
 
Figure 5.9 H2 adsorption isotherms. Experimental data in PCN-61, -66, and -
68 are from Yuan et al.,231 in NOTT-112 from Yan et al.,232 in NU-111 from 
Peng et al.,249 for 298 K and Farha et al.234 for 77 K. 
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Figure 5.10 CH4 adsorption isotherms at 298 K. Experimental data in PCN-61, 
-66, and -68 are from Yuan et al.,231 in NU-111 from Peng et al.249 
5.2.2 Structure-Property Relationships 
As illustrated in Figure 5.4, the surface area, pore volume and porosity of 
the seven rht-MOFs possess linear relationships with ligand size. The 
structure-property relationships also exist between adsorption capacity and 
ligand size for pure gases. As shown in Figure 5.11a and b, CO2 and CH4 
capacities at 298 K and 0.1 bar generally drop upon increasing ligand size. In a 
MOF with a longer ligand, the pore/cage size is larger and the potential 
overlap with adsorbate is weaker. Therefore, the capacity at a low pressure is 
inversely proportional to ligand size. Similar relationship was observed by 
Snurr and co-workers for H2 adsorption at 0.1 bar in IRMOFs; nevertheless, 
their relationship was in terms of isosteric heat rather than ligand size.250   
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Figure 5.11 Adsorption capacity versus ligand size for CO2, CH4, N2 and H2. 
It should be noted CO2 and CH4 capacities in Cu-TDPAT do not closely 
follow the relationship, suggesting other factors also affect gas adsorption. 
While all the seven rht-MOFs comprise coordinately unsaturated Cu sites, 
Cu-TDPAT additionally contains secondary amine groups in triazine ligands. 
These groups serve as Lewis base sites and impose strong interaction 
particularly for CO2, thus enhancing adsorption capacity. In Figure 5.11c and 
d, H2 and N2 capacities at 77 K rise linearly upon increasing ligand size. The 
reason is that the capacity is near saturation condition and primarily governed 
by free volume, which simply increases with ligand size. Such a relationship 
was also reported for the adsorption of H2
250 and CO2
54 at high-pressures. 
It is instructive to establish structure-property relationships for gas 
mixtures as well. Figure 5.12 shows the selectivity versus ligand size for 
CO2/N2, CO2/H2 and CO2/CH4 mixtures at 298 K and a total pressure of 1 bar. 
In this study, the bulk compositions are assumed to be 15/85 for CO2/N2, 
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15/85 for CO2/H2 and 50/50 for CO2/CH4, mimicking the situation in post-, 
pre-combustion capture and natural gas sweetening, respectively. With 
increasing ligand size, the selectivity for each mixture drops monotonically. 
The reason is that CO2 capacity drops in a MOF with a longer ligand as 
observed in Figure 5.11a, and this also occurs for mixtures. The selectivity in 
Cu-TDPAT is above the trend and the highest among the seven rht-MOFs. 
Again, this is attributed to the cooperative effects of short ligands, unsaturated 
metals and amine groups in Cu-TDPAT. 
 
Figure 5.12 Selectivity versus ligand size for CO2/N2, CO2/H2, and CO2/CH4 
mixtures at 298 K and 1 bar. 
5.2.3 Cu-TDPAT-N 
Among the seven rht-MOFs under study, Cu-TDPAT exhibits the best 
separation performance for CO2 capture. To further improve its performance, 
we propose to substitute the phenyl rings in Cu-TDPAT by pyridine rings (see 
Figure 5.1). Specifically, the C2-H2 atoms in Cu-TDPAT were replaced by 
N3 atoms (see Figure 5.5 for notation) and optimized using Forcite module in 
Materials Studio. The new MOF is coined as Cu-TDPAT-N and its structure is 
shown in Figure 5.3. Compared to Cu-TDPAT, as listed in Table 5.1, Cu-
TDPAT-N possesses a slightly larger surface area, pore volume, porosity and 
cage size. We envision that Cu-TDPAT-N would outperform over its parent 
counterpart Cu-TDPAT, as evidenced below.  
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From the adsorption isotherms of CO2 at 298 K in Figure 5.13a, Cu-
TDPAT-N shows higher CO2 uptake than Cu-TDPAT throughout the whole 
pressure range (0 – 100 kPa). Particularly, the uptake at 1 kPa rises by 
approximately 160%. This enhancement is due to the substitution of phenyl by 
pyridine rings; consequently, the number of N atoms increases in Cu-TDPAT-
N thus enhancing CO2-framework interaction. To evaluate adsorption energy, 
the isosteric heat of adsorption Qst for CO2 adsorption in Cu-TDPAT and Cu-
TDPAT-N was calculated and plotted in Figure 5.13b. Two sets of 
experimental data in Cu-TDPAT are also presented for comparison.230,228 The 
simulated Qst  matches well with experiment at intermediate and high loadings. 
At low loadings, however, the Qst is underestimated by simulation. This 
deviation is due to the relatively weaker interaction between open Cu site and 
CO2 mimicked by the TraPPE force field. A possible improvement is to 
include many-body polarization effects235 or use first-principles methods to 
develop more accurate force fields. Comparing Cu-TDPAT and Cu-TDPAT-N, 
the Qst in the latter is obviously higher within the entire range of loading, 
especially at low loadings. Thus, the CO2-framework interaction in Cu-
TDPAT-N is enhanced. With increasing loading, the Qst in Cu-TDPAT 
remains nearly constant, indicative of relatively homogenous framework. On 
the other hand, the Qst in Cu-TDPAT-N decreases slowly, implying the 
favourable sites being gradually occupied. This further confirms that 
incorporating N atoms in Cu-TDPAT introduces additional adsorption sites.   
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Figure 5.13 (a) Adsorption isotherms and (b) isosteric heats of CO2 in Cu-
TDPAT and Cu-TDPAT-N at 298 K. Experimental data are from Luebke et 
al.230 and Li et al.228 
To quantitatively characterize the adsorption sites, Figure 5.14 shows the 
radial distribution functions of CO2 around the framework atoms (Cu1, Cu2, 
N1 and N2 in Cu-TDPAT; Cu1, Cu2, N1, N2 and N3 in Cu-TDPAT-N) at 298 
K and 1 kPa. The notation of atoms is demonstrated in Figure 5.5. In Cu-
TDPAT, a pronounced peak at r = 3.3 Å is seen around the Cu2 atom, as the 
primary adsorption site for CO2. Less pronounced peak between 4.4 and 6 Å 
exists around the N1 and N2 atoms, implies the Lewis basic N atoms are the 
secondary adsorption sites. Both the Cu1 and Cu2 are open metal sites; 
however, the Cu2 has a higher peak compared to the Cu1. This is caused by a 
synergistic effect because the Cu2 is closer to the N atoms. In Cu-TDPAT-N, 
a peak at r = 3.3 Å is also present around the Cu2 but lower. Nevertheless, the 
new substituted N atom, N3, exhibits a sharp peak at r = 3.4 Å, indicating 
strong affinity between the N3 atom and CO2. Thus, a large amount of CO2 
molecules are attracted around the N3 atom, which is close to the Cu1 atom. 
Consequently, a high peak at r = 4.6 Å is also seen around the Cu1 atom and 
even higher than that around the Cu2 atom. This analysis strongly ascertains 
that the N3 atoms of pyridine rings in Cu-TDPAT-N are favourable sites and 
enhance CO2 adsorption. 
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Figure 5.14 Radial distribution functions of CO2 around framework atoms in 
Cu-TDPAT and Cu-TDPAT-N at 298 K and 1 kPa. 
To visualize the locations of adsorbed CO2 molecules, Figure 5.15 plots 
the density contours of CO2 in Cu-TDPAT and Cu-TDPAT-N respectively at 
298 K and 1 kPa. The density in the latter is higher. In Cu-TDPAT, CO2 
molecules are mainly adsorbed around the open Cu2 atoms. However, CO2 
molecules in Cu-TDPAT-N are densely populated around the pyridine rings.  
 
Figure 5.15 Density contours of CO2 in Cu-TDPAT and Cu-TDPAT-N at 298 
K and 1 kPa. The unit of density scale is the number of molecules per Å3. The 
dash circles indicate the primary adsorption site. 
The separation performance of Cu-TDPAT-N for gas mixtures is also 
examined and compared with the parent Cu-TDPAT. As shown in Figure 5.16, 
the selectivities for CO2/N2, CO2/H2 and CO2/CH4 mixtures in Cu-TDPAT-N 
are substantially higher than in Cu-TDPAT. At 1 bar, they increase by 127%, 
103% and 85% for CO2/N2, CO2/H2 and CO2/CH4 mixtures, respectively. 
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Therefore, the substitution with N-rich ligands in Cu-TDPAT remarkably 
improves the selective adsorption of CO2. With increasing pressure, the 
selectivity in Cu-TDPAT is almost constant due to relatively homogenous 
framework. In Cu-TDPAT-N, however, the selectivity decrease as a result of 
the occupation of favourable sites.  
 
Figure 5.16 Adsorption selectivities for CO2/N2, CO2/H2, and CO2/CH4 
mixtures in Cu-TDPAT and Cu-TDPAT-N at 298 K. 
To mimic a practical adsorption process, the breakthrough curves were 
predicted at 298 K and 1 bar for CO2/N2, CO2/H2 and CO2/CH4 mixtures, 
respectively, through a fixed-bed packed with Cu-TDPAT or Cu-TDPAT-N. 
As plotted in Figure 5.17, the breakthrough profiles for each mixture can be 
characterized by different regimes. Taking CO2/N2 as an example, first, nearly 
pure N2 is exited from the bed whereas CO2 is adsorbed. After a certain time, 
CO2 breakthrough occurs and gradually reaches its feed composition; 
meanwhile, N2 concentration at the outlet drops to its feed composition. To 
quantify, a breakthrough time t is defined as the time when gas concentration 
at the outlet is 0.01%. In Cu-TDPAT, t is 0.6 min for N2 and 4.0 min for CO2; 
while in Cu-TDPAT-N, t is 0.5 min for N2 but 10.4 min for CO2. Thus, the 
breakthrough time for CO2 is extended upon N substitution. Similar behaviour 
of breakthrough is observed for CO2/H2 and CO2/CH4 mixtures, in which the 
breakthrough time is almost unchanged for H2 and CH4, while it is doubled for 
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CO2, from 6.0 min to 13.2 min and 4.3 min to 9.0 min, respectively. This 
reveals that the separation performance for all the three CO2-containing 
mixtures is improved by N substitution. 
 
Figure 5.17 Breakthrough curves for CO2/N2 (0.15:0.85), CO2/H2 (0.15:0.85) 
and CO2/CH4 (0.5:0.5) mixtures through a fixed-bed packed with Cu-TDPAT 
or Cu-TDPAT-N. The inlet is at 298 K and 1 bar. The blue lines are Cu-
TDPAT and the red lines are Cu-TDPAT-N. 
5.3 Summary 
The adsorption of pure gases (CO2, H2, N2 and CH4) and the separation of 
CO2-containing mixtures (CO2/N2, CO2/H2 and CO2/CH4) in a series of rht-
MOFs namely Cu-TDPAT, PCN-61, -66, -68, NOTT-112, NU-111 and NU-
110 have been investigated. In the seven MOFs, the surface area, pore volume 
and porosity increase linearly with increasing ligand size. Good agreement is 
found between the simulated and experimental adsorption isotherms of pure 
gases. Quantitative relationships are established for adsorption capacity and 
selectivity with ligand size. In addition to coordinately unsaturated metal sites, 
Cu-TDPAT also comprises amine groups and thus exerts the strongest 
interaction with CO2 among the seven MOFs, leading to the highest capacity 
and selectivity. Upon substituting the phenyl rings in Cu-TDPAT by pyridine 
rings, Cu-TDPAT-N is designed. The latter has a slightly higher surface area, 
pore volume and porosity. The N atom in pyridine ring is the most favourable 
site for CO2 adsorption; consequently, CO2 molecules in Cu-TDPAT-N are 
observed to primarily locate around the pyridine rings. The adsorption 
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capacity, isosteric heat and selectivity in Cu-TDPAT-N are higher than in the 
parent Cu-TDPAT. Therefore, the substitution with N-rich ligands in Cu-
TDPAT offers additional adsorption sites and improves the selective 
adsorption of CO2. For CO2/N2, CO2/H2 and CO2/CH4 mixtures, the 
breakthrough times for N2, H2 and CH4 are nearly identical in Cu-TDPAT and 
Cu-TDPAT-N; however, the breakthrough time for CO2 in Cu-TDPAT-N is 
extended by two-fold. This multiscale modeling study integrates molecular 
simulation and breakthrough prediction, establishes the structure-property 
relationships, and proposes an N-rich rht-MOF to improve CO2 adsorption 
and separation. 
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 Design of Zirconium Metal-Organic 
Frameworks for CO2 Separation and Capture 
A major concern for MOFs is their stability, which is largely governed by 
the coordination bonds between metal clusters and organic linkers. The 
selection of metal clusters is the key to the stability. It has been demonstrated 
that group-IV metals often interact strongly with oxygen atoms; particularly, 
zirconium (Zr) based Zr6O4(OH)4 octahedron cluster is able to construct 
MOFs with superior hydrolytic, thermal and chemical stability. Since the first 
Zr-based UiO-66 (UiO = University of Oslo) was reported,124 a variety of its 
analogues have been synthesized.251 In UiO-66 and its analogues with face-
centred-cubic (fcu) topology, each Zr6O4(OH)4 octahedron is bridged with 12 
carboxylates (-CO2) forming a Zr6O4(OH)4(CO2)12 unit. The 12 coordinated 
unit is the highest coordination reported for MOFs. Thereafter, Yaghi161,252 
Farha,253,254 and Zhou255 reported 12 coordinated Zr6O4(OH)4(CO2)12 MOFs 
with ftw and ith topologies connected to tetratopic linkers. Furthermore, it 
was experimentally revealed that Zr6O4(OH)4 cluster could be deployed as 10, 
8 or 6 coordinated unit to construct highly stable MOFs with bct, csq, flu, reo 
and spn topologies.256-260 Toward the high storage and delivery of CH4, Snurr 
and co-workers153 computationally designed over 200 Zr-MOFs with 
(Zr6O4)(OH)4(CO2)n units featuring fcu, ftw, csq and scu topologies.  
While all the above endeavours were focused on Zr6O4(OH)4 cluster 
connected with carboxylate linkers, tetrazolate linkers can also potentially 
bind to multinuclear metal nodes in a manner similar to carboxylate linkers. 
Tetrazolates contain several uncoordinated N-donors, which are electron dense 
centres to form strong interactions with polar guest molecules (e.g. CO2). 
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Therefore, extensive studies have been conducted on tetrazolate based MOFs. 
Assembling rare-earth metals with various organic linkers including 
carboxylates and single tetrazolate substituted linkers, Eddaoudi’s group 
synthesized a series of fcu-MOFs.90 Compared with the carboxylate 
counterparts, the MOFs with tetrazolate moieties were found to possess higher 
CO2-framework interaction strength at low pressures. This indicates that 
highly localized charge density induced by tetrazolates can substantially 
improve CO2 adsorption. Dong et al.
261 incorporated multiple tetrazolates into 
a water-stable Cu-based MOF, [NC2H8]4Cu5(BTT)3 (assembled by using the 
nitrogen-rich ligand H3BTT = 1,3,5-tris(2H-tetrazol-5-yl)benzene). Majorities 
of N-donors are inside the framework channels, leading to great selective 
adsorption of CO2 from CO2/H2 and CO2/N2 mixtures. Other similar studies 
also showed remarkable CO2 selectivity over nonpolar gases, indicating the 
potential use of tetrazolates to develop MOFs for high performance CO2 
capture and separation.131,262-266  
In this Chapter, 33 Zr-MOFs are computationally designed from 32 
topological nets using (Zr6O4)(OH)4(TZ)n (TZ = tetrazole, n = 12 or 8) as the 
building units. After thorough characterization of structural properties, CO2 
capture and separation from CO2/N2 and CO2/CH4 mixtures are examined in 
the 33 MOFs. Then, property-performance relationships are comprehensively 
established to unravel molecular insights and design guidelines. In Section 6.1, 
the construction procedure, atomic models and methods are outlined. In 
Section 6.2, the models are validated by comparing simulated and 
experimental adsorption isotherms in several existing Zr-MOFs; CO2 
adsorption and separation are examined, the results are correlated with various 
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structural properties, and the best performed MOF is identified. Finally, the 
concluding remarks are summarized in Section 6.3. 
6.1 Models and Methods 
6.1.1 Construction of Zr-MOFs  
The topological nets with 12 or 8 coordinated vertices were first identified 
from the Reticular Chemistry Structural Resource (RCSR).267 Those nets not 
able to form cuboctahedron (Figure 6.1) were then excluded by examining the 
connectivity of vertices. In total, there are 32 topologies including 12 nets with 
12 coordinated vertices (fcu, ftw, ith, llk, ttv, urr, xag, xaj, xal, xbn, xij and 
xxv) and 20 nets with 8 coordinated vertices (bcu, bcu-b, cut, eft, fla, flt, flu, 
reo, scu, sea, the, tsq, tty, uri, urj, urt, xak, xbg, xbm and xbv). These nets 
were used as templates to build Zr-MOFs by assembling (Zr6O4)(OH)4 clusters 
and various tetrazolate linkers. The metal cluster was constructed from an 
octahedral Zr6 unit capped by four μ3-O and four μ3-OH ligands. If 12 
coordinated, all twelve octahedral edges were connected with tetrazolates; 
while four of edges were occupied by eight terminal hydroxyl groups if 8 
coordinated (Figure 6.1). The basic organic units of tetrazolate linkers are 
illustrated in Figure 6.2. Complex organic linkers were formed by connecting 
basic units. Using the reversed topological approach,151 the end points of 
(Zr6O4)(OH)4 clusters were connected to tetrazolate linkers and further to Zr 
cuboctahedron. Based on the sizes of metal clusters and organic linkers, the 
template nets were scaled proportionally. The pre-formed metal clusters were 
positioned at the net vertices, with the cluster edges pointing along the net 
connectivity. Then the net edges were replaced by linkers with proper 
orientations to connect the metal clusters. Thereafter, the structures were 
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optimized using Forcite module in Materials Studio based on the Universal 
force field (UFF).212 Figure 6.3 demonstrates the construction procedure of 
MOF-urr. For fcu, one additional set of organic linkers were adopted, resulting 
in 33 MOFs in total.  
 
 
 
Figure 6.1 Left: Zr cuboctahedron; middle: (Zr6O4)(OH)4(TZ)12 (TZ = 
tetrazole); right: (Zr6O4)(OH)4(TZ)8(OH)8 (TZ = tetrazole). Zr: cyan, O: red, N: 
blue, C: grey, and H: white. 
 
 
Figure 6.2 List of basic organic building blocks to construct hypothetical 
MOFs. C: grey, N: blue, Si: yellow, and H: white. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Schematic illustration on the construction of MOF-urr. Zr: cyan, O: 
red, N: blue, C: grey, and H: white. 
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6.1.2 Atomic Models and Simulation Methods  
The designed Zr-MOFs were structurally characterized by Zeo++207 using 
the high accuracy setting to estimate the largest cavity diameter (LCD), pore 
limiting diameter (PLD), density and gravimetric probe accessible surface area 
(GSA). The probe had a diameter of 3.64 Å, mimicking a N2 molecule. The 
smallest PLD among all the Zr-MOFs is 3.12 Å, which is close to the kinetic 
diameter of CO2 (3.3 Å). The free volume and helium (He) void fraction were 
calculated by the RASPA package.268 
The atomic charges in MOFs were calculated by the electrostatic-
potential-optimized charge scheme (MEPO-QEq).269 This scheme can rapidly 
generate atomic charges of periodic structures in a diverse set of MOFs. It has 
been validated by evaluating CO2 uptake and heats of adsorption in thousands 
of MOFs. The LJ parameters of MOFs were taken from UFF, as shown in 
Table 6.1. For gas molecules CO2, CH4 and N2 (Figure 6.4), the potential 
parameters were adopted from the TraPPE force field.270 This force field was 
fitted to reproduce the vapour-liquid coexistence data.240 
Table 6.1 Lennard-Jones parameters of Zr-MOFs.  
Atoms C O H N F Cl 
σ (Å) 3.43 3.12 2.57 3.26 2.997 3.517 
/kB (K) 52.83 30.19 22.14 34.72 25.16 114.23 
Atoms Br S Zr    
σ (Å) 3.73 3.59 2.783    
/kB (K) 126.3 137.86 34.72    
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(a) One-site model for CH4 
 
(b) Three-site rigid model for N2       (c) Three-site rigid model for CO2 
Figure 6.4 The models and Lennard-Jones/charge parameters of (a) CH4, (b) 
N2 and (c) CO2. 
To examine CO2 capture and separation from CO2/N2 and CO2/CH4 
mixtures, the adsorption of pure and mixed gases was simulated by GCMC 
method. All the simulations were conducted by the RASPA.268 The cut-off 
distance was 12 Å and the electrostatic interactions were evaluated using the 
Ewald summation.271 The isosteric heats Qst, isosteric heats at infinite dilution 
Qst
0 and Henry’s constants were also calculated by the RASPA.  
6.2 Results and Discussion 
6.2.1 Validation 
In order to validate the atomic models of our designed Zr-MOFs, the 
adsorption of pure gases in four experimentally synthesized and characterized 
Zr-MOFs was simulated and compared with available experimental 
data.71,161,258 These include N2 adsorption in NU-1000, MOF-841 and DUT-67 
at 77 K and CO2 adsorption in UiO-66 at 298 K. As shown in Figure 6.5, the 
simulation results agree fairly well with experimental data. It worthwhile to 
note there are deviations between our and literature simulation results.258 This 
is because the model of NU-1000 in our simulation contains –OH groups, 
which were not present in the literature.258 
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Figure 6.5 N2 adsorption in (a) NU-1000, (b) MOF-841 (c) DUT-67 at 77 K 
and (d) CO2 adsorption in UiO-66 (simulation at 298 K and experiment at 293 
K). Experimental and literature simulation data in NU-1000 are from 
Mondloch et al.258 Experimental data in MOF-841 and DUT-67 are from 
Furukawa et al.161 Experimental data in UiO-66 from Huang et al.71  
6.2.2 Pure CO2  
It is intriguing to compare CO2 adsorption in MOFs with tetrazolate and 
carboxylate linkers. To do so, we simulated CO2 adsorption in two designed 
Zr-MOFs, together with their carboxylate counterparts that have been 
experimentally synthesized. From Figure 6.6, CO2 uptakes in Zr-tetrazolate 
MOFs are higher, indicating that tetrazolate linkers can act as stronger 
interaction sites to enhance CO2 adsorption.  
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Figure 6.6 CO2 adsorption at 298 K in (a) UiO-66 and MOF-fcu-66 and (b) 
DUT-67 and MOF-reo. The inset in (a) shows UiO-66 (left) and UiO-fcu-66 
(right). 
 
   
Figure 6.7 CO2 uptakes at 0.15 bar and 298 K in (a) 33 Zr-MOFs and (b) 
experimental MOFs. From left to right, the 1st six MOFs are from Morris et 
al.,272 the 7-13th MOFs are from Banerjee et al.,61 the 14-19th MOFs are from 
Biswas et al.,273 the 20-22nd MOFs are from Zhao et al.,274 and the last three 
MOFs are from Deng et al..275  
Figure 6.7 presents CO2 adsorption uptakes at 0.15 bar in the 33 Zr-MOFs 
as well as experimentally available MOFs with different functionalities.61,272-
275 At such a low pressure, the uptake is primarily governed by CO2-
framework interaction. Remarkably, considerable number of the Zr-MOFs 
exhibit higher CO2 uptake than experimental –NH2 functionalized MOFs. It 
indicates that the Zr-MOFs with tetrazolate linkers could potentially surpass 
the existing ones to provide superior CO2-framework interaction. Therefore, 
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the promising candidates from our designed Zr-MOFs could set as a basis for 
future development of new MOFs.  
CO2 uptakes in the 33 Zr-MOFs at 1 bar and 298 K are correlated with 
pore volume Vf and gravimetric surface area GSA. As illustrated in Figure 6.8, 
the uptakes at 1 bar have a reverse relationship with both Vf and GSA. A large 
pore volume dilutes the interactions sites on framework surface, leading to 
lower CO2 uptake. This has been confirmed by the study on rht-type MOFs in 
Chapter 5. Interestingly, the results indicate that CO2 adsorption is insensitive 
to the coordinate number of metal clusters.  
     
Figure 6.8 CO2 uptake at 1 bar and 298 K versus (a) pore volume and (b) 
GSA.      
To investigate the affinities of different gases (CO2, N2 and CH4) in the Zr-
MOFs, the Henry’s constants were evaluated. Figure 6.9 plots the Henry’s 
constants of N2 or CH4 over those of CO2. The solid line indicates where the 
ratio of two Henry’s constants is unity. All the data points in Figure 6.9a align 
at the bottom, indicating exceptionally large difference between CO2 and N2 
affinities with frameworks, as attributed to strong quadrupole moment of CO2. 
On the other hand, the difference reduces when comparing CO2 with CH4, 
because CH4 has a stronger affinity than N2.  However, the values of CH4 are 
still much lower than those of CO2. The higher Henry’s constants of CO2 
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suggest that this group of designed Zr-MOFs is potentially suitable for both 
CO2/N2 and CO2/CH4 separations. 
    
Figure 6.9 (a) N2 Henry’s constants and (b) CH4 Henry’s constants over CO2 
Henry’s constants in 33 Zr-MOFs.     
Figure 6.10a and c present 3-dimensional (3D) plots for CO2 uptake at 
0.15 bar over Qst and Qst
0 with void fraction, respectively. This kind of 3D 
plots provide thorough relationships among adsorption performance and 
different structural parameters. Generally, CO2 uptake at 0.15 bar is 
proportional to both Qst and Qst
0. Meanwhile, the Qst and Qst
0 is reversely 
correlated with void fraction. This is because a small pore volume yields a 
stronger CO2-framework interaction. If we take all parameters into account, 
the MOFs with modest void fraction and relatively high Qst and Qst
0 offer the 
best CO2 uptake. The trends at 1 bar shown in Figure 6.10b and d are similar. 
At 0.15 bar, the highest CO2 uptake is 40.66 cm
3(STP)/cm3, with Qst of 30.94 
kJ/mol, Qst
0 of 27.52 kJ/mol and void fraction of 0.46. At 1 bar, the highest 
uptake reaches 116.18 cm3(STP)/cm3, with Qst of 29.33 kJ/mol, Qst
0 of 23.63 
kJ/mol and void fraction of 0.61. The values at 1 bar are close to several 
reported MOFs with high CO2 uptake, including Cu-BTTri,
62 USO-2-Ni-A 
and NH2-MIL-53(Al).
276 Although pure CO2 uptake plays a significant role in 
CO2 separation and capture, it is far from complete if only this parameter is 
considered.  
0.0E+00
1.0E-04
2.0E-04
3.0E-04
0.00E+00 1.50E-04 3.00E-04
N
2
H
e
n
ry
's
 c
o
n
s
ta
n
t 
(m
o
l/
k
g
/P
a
))
CO2 Henry's constant (mol/kg/Pa))
12-coordinated
8-coordinated
0.0E+00
1.0E-04
2.0E-04
3.0E-04
0.00E+00 1.00E-04 2.00E-04 3.00E-04
C
H
4
H
e
n
ry
's
 c
o
n
s
ta
n
t 
(m
o
l/
k
g
/P
a
))
CO2 Henry's constant (mol/kg/Pa))
12-coordinated
8-coordinated
(a) (b) 
Chapter 6  
98 
 
    
   
Figure 6.10  Relationships for CO2 uptake, Qst and void fraction at 298 K and 
(a) 0.15 bar (b) 1 bar. Relationships for CO2 uptake, Qst
0 and void fraction at 
298 K and (c) 0.15 bar (d) 1 bar. 
6.2.3 CO2/N2 Separation 
The separation of a CO2/N2 mixture (15/85) in the 33 Zr-MOFs at 298 K 
and 1 bar is examined. The desorption pressure is set to be 0.015 bar. Several 
performance parameters including CO2 uptake, CO2 working capacity, 
selectivity and adsorbent regenerability are quantified and correlated with 
structural properties (GSA, LCD, Qst
0 and void fraction). The working 
capacity and adsorbent regenerability were calculated based on equations 4.2 
and 4.3, respectively.  
 
(a) 0.15 bar                                              (b) 1 bar 
(c) 0.15 bar                                              (d) 1 bar 
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Figure 6.11 Relationships of (a) CO2 uptake and (b) CO2 working capacity 
with GSA and LCD; (c) CO2 uptake and (d) CO2 working capacity with Qst
0 
and void fraction for CO2/N2 separation at 298 K and at 1 bar.  
Figure 6.11 shows the relationships of CO2 uptake and CO2 working 
capacity with GSA and LCD, as well as with Qst
0 and void fraction . 
Obviously, CO2 uptake in the CO2/N2 mixture is generally negatively 
correlated with GSA, which in turn is proportional to LCD. On the other hand, 
Qst
0 has a positive effect on CO2 uptake and working capacity. Such 
relationships are similar to pure CO2 adsorption at 0.15 bar and 298 K (Figure 
6.10), implying that CO2 adsorption is only weakly affected by N2 in the 
mixture. It is noteworthy that single parameter is insufficient to optimize the 
highest CO2 uptake and working capacity. For example, the MOFs with 
similar Qst
0 and  but differing in other factors may yield dramatically 
different CO2 uptake and working capacity. Therefore, it is crucial to carefully 
tune the framework structure and functionality toward desired performance. 
Specifically, in MOF-fcu-66 with low N2 accessible GSA of 0 m
2/g (surface 
(a)                                                          (b) 
(c)                                                          (d) 
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area of 551.71 m2/g, which includes inaccessible area to N2), small LCD of 
6.76 Å and moderate void fraction of 0.46, we observe the highest CO2 uptake 
of 37.98 cm3(STP)/cm3 and working capacity of 29.69 cm3(STP)/cm3.  
      
     
Figure 6.12 Relationships of (a) adsorbent regenerability and (b) selectivity 
with GSA and LCD; (c) adsorbent regenerability and (d) selectivity with Qst
0 
and void fraction for CO2/N2 separation at 298 K and at 1 bar. 
Figure 6.12 plots the relationships of selectivity and adsorbent 
regenerability with various parameters. Small GSA and large Qst
0 are 
favourable for CO2/N2 separation, showing the highest selectivity. In contrast, 
regenerability is positively correlated with GSA but decreases with increasing 
Qst
0. Therefore, moderate Qst
0 should be kept to maintain reasonable 
regenerability, while pursuing higher selectivity. Considering LCD and void 
fraction, small LCD and void fraction are preferred for higher selectivity. The 
best structure among the 33 Zr-MOFs is identified to be MOF-bcu-b, with 
GSA, LCD, Qst
0 and void fraction of 763.80 m2/g, 6.29 Å, 31.92 kJ/mol and 
0.43, respectively, to achieve the highest selectivity of 45.52. This selectivity 
(a)                                                             (b) 
(c)                                                            (d) 
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is among the best performed MOFs52 and is comparable to the hypothetical 
MOFs.147 The working capacity of MOF-bcu-b is 25.96 cm3(STP)/cm3, 
whereas the regenerability is around 79%. This suggests that when one or two 
performance parameters are optimized, others might be compromised. 
Combining Figure 6.11 and Figure 6.12, it is important to initially identify 
and emphasize the most important performance parameter, then tune MOF 
structure and functionality to optimize it, while keeping the moderate value of 
other parameters. With regard to CO2/N2 separation, adsorption selectivity is 
of the highest priority and the MOFs should possess the following 
characteristics. Firstly, the surface area should be modest and the void fraction 
should be small. Secondly, the surface functionality should be tuned toward 
moderately high interaction strength between CO2 and framework. The 
resulting MOFs with exceptional selectivity are then selected according to 
CO2 working capacity and adsorbent regenerability, which should be 
considerably high, in order to realize easy regeneration of adsorbent. 
6.2.4 CO2/CH4 Separation 
For CO2/CH4 separation, a mixture (15/85) in the 33 Zr-MOFs at 298 K 
and 5 bar is examined. The desorption pressure is set to be 0.15 bar. Figure 
6.13 shows relationships of CO2 uptake and working capacity with GSA and 
LCD, and with Qst
0 and void fraction. Bell-shaped distribution is observed for 
working capacity with GSA. The MOFs with GSA around 1816.66 m2/g offer 
the highest working capacity, at which the LCDs are relatively small. 
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Figure 6.13  Relationships of (a) CO2 uptake and (b) CO2 working capacity 
with GSA and LCD; (c) CO2 uptake and (d) CO2 working capacity with Qst
0 
and void fraction for CO2/CH4 separation at 298 K and at 5 bar.  
In Figure 6.13c, an obvious turning point is seen, before which CO2 
uptake increases with rising Qst
0 but then reverses. The favourite Qst
0 for CO2 
uptake lies at 23.63 kJ/mol, which is smaller than the one for CO2/N2 mixture. 
Interestingly, the correlation between CO2 uptake and Qst
0 changes compared 
to pure CO2. This suggests that CH4 competes with CO2 for adsorption, unlike 
the case of CO2/N2. The highest CO2 uptake at 65.27 cm
3(STP)/cm3 is found 
to be in MOF-llk-mix with small GSA of 1207.71 m2/g, LCD of 10.68 Å, 
moderate value of Qst
0 at 23.63 kJ/mol, and medium void fraction of 0.61. 
However, MOF-flt offers the best CO2 working capacity at 46.33 
cm3(STP)/cm3, with slightly larger GSA of 1816.66 m2/g, similar LCD of 9.90 
Å, Qst
0 of 22.29 kJ/mol and void fraction of 0.57. 
(a)                                                            (b) 
(c)                                                           (d) 
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Figure 6.14  Relationships of (a) adsorbent regenerability and (b) selectivity 
with GSA and LCD; (c) adsorbent regenerability and (d) selectivity with Qst
0 
and void fraction for CO2/CH4 separation at 298 K and at 5 bar. 
Figure 6.14 shows the relationships of adsorbent regenerability and 
selectivity with GSA and LCD, as well as with Qst
0 and void fraction. The 
regenerability generally increases with GSA, but reduces with growing Qst
0. It 
suggests that a structure with strong affinity would lead to a small difference 
between adsorption and desorption uptakes, as also seen in CO2/N2 separation. 
Nevertheless, the overall regenerability for CO2/CH4 separation is lower than 
that for CO2/N2 separation, which again confirms that CH4 is more strongly 
adsorbed than N2. The selectivity decreases with rising surface area, similar to 
CO2/N2 separation. The overall trend of selectivity with Qst
0 is bell-shaped. 
For LCD and void fraction, small values are desirable to achieve higher 
selectivity. The highest selectivity for CO2/CH4 occurs in MOF-fcu-66 at 9.66, 
which is ranked the 2nd highest selectivity for CO2/N2 separation. This value 
(9.66) is still considerably high compared to literature values at 5 bar.31 
(a)                                                           (b) 
(c)                                                            (d) 
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6.2.5 Correlation between CO2/N2 and CO2/CH4 Separations 
As shown in Figure 6.15, for CO2/N2 separation, MOF-fcu-66 yields the 
highest CO2 uptake and working capacity at 37.98 and 29.69 cm
3(STP)/cm3, 
respectively. Meanwhile, this MOF provides satisfactory selectivity of 41.81 
and moderate regenerability of 78.17%. For CO2/CH4 separation, the highest 
CO2 uptake of 65.27 cm
3(STP)/cm3 is found in MOF-llk-mix, which however 
possesses small selectivity of 6.38 and low regenerability of 46.13%. 
Moreover, MOF-llk-mix contains hetero-functional carboxylate and terazolate 
linkers, and exhibits large amount of CH4 adsorption, making it unsuitable for 
CO2/CH4 separation. On the other hand, MOF-flt offers the best CO2 working 
capacity of 46.33 cm3(STP)/cm3, with selectivity of 6.56 and regenerability of 
73.35%. Similar to MOF-llk-mix, MOF-flt also adsorbs considerable amount 
of CH4, leading to relatively unselective adsorption. Therefore, by considering 
CO2 uptake and working capacity alone is insufficient for choosing suitable 
MOFs for CO2/N2 and CO2/CH4 separations. 
MOF-fcu-66 (CO2/N2) MOF-llk-mix (CO2/CH4) MOF-flt (CO2/CH4) 
   
CO2 uptake 
(cm3(STP)/cm3) 
37.98   65.27 63.17 
CO2 working capacity 
(cm3(STP)/cm3) 
29.69   30.11 46.33 
Selectivity 41.81   6.38 6.56 
Regenerability (%) 78.17   46.13 73.35 
 
Figure 6.15 MOF-fcu-66 with the highest CO2 uptake and working capacity 
for CO2/N2 separation, MOF-llk-mix with the highest CO2 uptake and MOF-
flt with the highest CO2 working capacity for CO2/CH4 separation. Zr: cyan, O: 
red, N: blue, C: grey, and H: white. 
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Whether CO2 separation from CO2/N2 and CO2/CH4 mixtures can use the 
same MOF may be revealed by showing the correlation between the two cases. 
The most crucial parameter like selectivity reaches the highest value in MOF-
bcu-b and MOF-fcu-66 (Figure 6.16a and Figure 6.15) for CO2/N2 and 
CO2/CH4 separations, respectively. Nevertheless, it is noteworthy that MOF-
fcu-66 also provides second highest selectivity for CO2/N2 separations. 
Furthermore, Figure 6.16b illustrates the selectivity of CO2/CH4 correlates 
well with that of CO2/N2. This suggests a positive relationship between 
CO2/N2 and CO2/CH4 separations in terms of selectivity, and the same 
guidelines could be used when designing MOFs for both separations.  
 
Figure 6.16 (a) MOF-bcu-b. Zr: cyan, O: red, N: blue, C: grey, and H: white. 
(b) Correlation between selectivity of CO2/CH4 and that of CO2/N2. 
6.2.6 Correlation among Adsorption Performances 
Figure 6.17 plots the relationships of CO2 uptake with selectivity and 
regenerability for CO2/N2 and CO2/CH4 separations. In both cases, high CO2 
uptake is coupled with relatively high selectivity, but is inversely correlated 
with regenerability. This implies that to design suitable MOFs for CO2/N2 and 
CO2/CH4 separations, the regenerability might be compromised leading to 
lower economic efficiency and higher overall cost. Consequently, care should 
(a)                                                              (b) 
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be taken when choosing promising candidates with high selectivity, and a 
reasonable regenerability should be kept. 
     
Figure 6.17  Relationships of CO2 uptake with selectivity and regenerability 
for (a) CO2/N2 and (b) CO2/CH4 separations. 
6.3 Summary 
Zr-MOFs with tetrazolate linkers have been designed and applied to CO2/N2 
and CO2/CH4 separations. The designed MOFs not only enhance CO2 
adsorption over their carboxylate counterparts, but also offer higher CO2 
uptake than many existing MOFs. The structural properties are characterized 
and correlated with adsorption and separation performance parameters. It is 
revealed that similar criteria can be adopted when designing MOFs for both 
CO2/N2 and CO2/CH4 separations. In order to reach the highest selectivity, 
MOFs should possess modest GSA and LCD, moderately high Qst
0 but small 
void fraction. Furthermore, CO2 working capacity and adsorbent 
regenerability should also be considered to ensure small packing size and 
relatively low regeneration cost for practical applications. The fundamental 
insights into the structure-performance relationships on these Zr-MOFs 
provide useful guidelines for the development of new MOFs for gas 
separations.  
  
(a) CO2/N2                                                   (b) CO2/CH4 
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 Adsorption of C1 – C4 Alcohols in Zeolitic 
Imidazolate Framework-8 
For biofuel purification by adsorption in MOFs, it is crucial to better 
understand the adsorption behaviour of alcohols. In this chapter, the 
adsorption of a series of normal alcohols (C1 – C4) is examined in a 
prototypical zeolitic imidazolate framework (ZIF-8). The predicted adsorption 
isotherms are compared with experimental data and the adsorption mechanism 
is elucidated from a microscopic level. In particular, we systematically assess 
the effects of force fields, atomic charges and framework flexibility. While 
these effects have been, to a certain extent, examined for the adsorption of 
small gas molecules (e.g. CO2, N2 and CH4) in ZIF-8,
277-279 the knowledge on 
how they would affect alcohol adsorption is limited. Thus, quantitative 
understanding will be provided by this study. In Section 7.1, the molecular 
models are described, followed by simulation methods. In Section 7.2, the 
simulated isotherms of C1 – C4 alcohols in ZIF-8 are presented and compared 
with experimental data. The effects of force fields, atomic charges and 
framework flexibility are discussed in detail. Concluding remarks are 
summarized in Section 7.3.  
7.1 Models and Methods 
7.1.1 Atomic Models 
ZIF-8 has a sodalite zeolite-like topology with a cubic space group I-
43m.280 Figure 7.1 illustrates that each Zn metal in ZIF-8 is tetrahedrally 
coordinated by four N atoms of 2-methylimidazolate. Because of the presence 
of long linkers rather than bridging O atoms, the sodalite cage in ZIF-8 
possesses a diameter of 11.6 Å and is almost twice as large as that in zeolitic 
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counterpart. The sodalite cages are connected via small apertures with a 
diameter of 3.4 Å. However, the framework of ZIF-8 is not completely rigid 
and may undergo structural transition, thus guest molecules can pass through 
the apertures and be adsorbed in the cages.281,282   
 
Figure 7.1 Structures of (a) ZIF-8 and (b) C1-C4 normal alcohols. Colour code: 
Zn, red; N, blue; C, cyan; H, white; and O, orange. 
If the ZIF-8 framework is considered as rigid, the framework atoms can be 
simply represented by nonbonded interactions including LJ and Coulombic 
potentials. In the literature, universal force field (UFF)212 and DREIDING283 
are most widely used to mimic the LJ potential for  MOFs.54,205,214,215 It is well 
recognized, however, they overestimate the adsorption of small gas molecule 
(e.g. CO2, N2 and CH4) in ZIFs.
277-279 Although our previous study 
demonstrated that UFF and DREIDING can fairly well describe the adsorption 
of methanol or ethanol in ZIF-71, Zn(bdc)(ted)0.5 and Zn4O(bdc)(bpz)2,
168-170 it 
remains essentially unexplored how different force fields perform for alcohol 
adsorption in ZIFs. Consequently, alcohol adsorption in ZIF-8 is examined 
here using three typical force fields including UFF, DREIDING and 
AMBER.284 Table 7.1 lists the parameters of these force fields for ZIF-8.  
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Table 7.1 UFF, DREIDING and AMBER parameters for ZIF-8. 
UFF parameters DREIDING parameters AMBER parameters 
Atom  σ (Å) ε/kB (K) Atom σ (Å) ε/kB (K) Atom σ (Å) ε/kB (K) 
Zn 2.462 62.403 Zn 4.045 27.652 Zn 1.960 6.285 
N 3.260 34.690 N 3.263 38.914 N 3.250 85.470 
C 3.431 52.790 C 3.473 47.813 C1 3.400 43.238 
H 2.571 22.122 H 2.846 7.642 C2 3.400 43.238 
- - - - - - C3 3.400 55.003 
- - - - - - H1 2.650 7.893 
- - - - - - H2 2.421 7.542 
 
For the Coulombic potential, the atomic charges of ZIF-8 framework were 
calculated by density functional theory (DFT) on a fragmental cluster shown 
in Figure 7.2.173 The DFT calculation used the Becke exchange plus the Lee-
Yang-Parr functional (B3LYP) and was carried out by Gaussian 03.174 The 
accuracy of DFT-derived atomic charges depends on the choice of functional 
and basis set. Expressed as both local and gradient electron densities, the 
B3LYP has been widely used in the field of solid materials including 
MOFs.176,177 For small basis sets, the atomic charges fluctuate appreciably but 
tend to converge beyond 6-31G(d) basis set.178 Therefore, 6-31G(d) was used 
for all the atoms in ZIF-8 except Zn atoms, for which the LANL2DZ basis set 
was used. By fitting the electrostatic potentials produced from the cluster 
model, the atomic charges were estimated as listed in Table 7.2. To evaluate 
the effect of atomic charges, simulation was also performed for methanol 
adsorption by turning off the atomic charges.  
Chapter 7  
110 
 
 
Figure 7.2 A fragmental cluster of ZIF-8. 
Table 7.2 Atomic charges in ZIF-8.  
Atom  Charge (e) 
Zn 1.0219 
N –0.4973 
C1 0.4958 
C2 –0.0672 
C3 –0.2720 
H1 0.0632 
H2 0.1023 
 
To assess the effect of framework flexibility, the bonded interactions in 
ZIF-8 framework were incorporated, including stretching, bending and 
torsional potentials  
                                  
2
0
s tre tc h in g
1
2
r ij i j
U k r r                                           (7.1) 
                            
2
0
b e n d in g
1
2
i jk ijk
U k

                                          (7.2) 
   
0 0
to rs io n a l
1 c o s ( ) 1 c o s ( )        
    ijk l ijk l ijk l ijk lU k m k m           (7.3) 
where 
r
k , k

, k

 and k

 are the force constants; 
i j
r , 
i jk
 , 
i jk l
  and 
i jk l
  are 
bond lengths and angles, proper and improper dihedrals, respectively; m is the 
multiplicity and was set to two for most dihedrals; 
0
i j
r , 
0
i jk
 , 
0
i jk l
  and 
0
ijk l
  are 
Chapter 7  
111 
 
the equilibrium values. All these parameters have been optimized in a recent 
study to mimic the structural transition of ZIF-8.196  
Table 7.3 TraPPE parameters for normal alcohols.285 
LJ parameters and charges  
Bond length (Å) Bond bending  Torsional potential 
site σ (Å) k(K) q (e) 
CH3OH 3.75 98 0.265 
CHxCHy =1.54  
CHxOH =1.43  
OH = 0.945  
 
θCHxCH2CHy = 114° 
kθ/kB = 62500  
θCHxCHyO = 109.47° 
kθ/kB = 50400  
θCHxOH = 108.5° 
kθ/kB = 55400  
CHxCH2CH2CHy 
c0/kB = 0, c1/kB = 335.03,  
c2/kB = 68.19, c3/kB = 791.32 
CHxCH2CH2OH 
c0/kB = 0, c1/kB = 176.62,  
c2/kB = 53.34, c3/kB = 769.93 
CHxCH2OH 
c0/kB = 0, c1/kB = 209.82,  
c2/kB = 29.17, c3/kB = 187.93 
CH3CHx 3.75 98 0 
CHxCH2OH 3.95 46 0.265 
CHxCH2CHy 3.95 46 0 
OH 3.02 93 0.7 
OH 0 0 0.435 
 
Four normal alcohols (methanol, ethanol, propanol and butanol) under this 
study are shown in Figure 7.1b. The alcohol molecules were represented by a 
united-atom model with each CHx as a single interaction site. The potential 
parameters were adopted from the transferable potentials for phase equilibria 
(TraPPE) force field, which was fitted to the critical properties and vapour-
liquid equilibria of alcohols.285 The bond lengths of alcohols were fixed, while 
the nonbonded and bending potentials were described by equations 3.7 and 7.2, 
respectively. In addition, the torsional potential was represented by  
    
to rsio n a l 0 1 2 3
( ) [1 co s ] [1 co s(2 )] [1 co s(3 )]      U c c c c           (7.4) 
where ci (i = 0, 1, 2 and 3) are force constants. Table 7.3 gives the TraPPE 
parameters for the normal alcohols.285 The cross interaction parameters 
between ZIF-8 and alcohols were estimated by the Lorentz-Berthelot 
combining rules. 
7.1.2 Methods 
To simulate alcohol adsorption in ZIF-8 with a rigid framework, grand 
canonical Monte Carlo (GCMC) method was used. The simulation box 
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contained eight (2 × 2 × 2) unit cells of ZIF-8 and the periodic boundary 
conditions were exerted in three dimensions. A spherical cut-off of 15 Å was 
used to evaluate the LJ interactions and the long-range corrections were added. 
For the Coulombic interactions, the Ewald sum with a tin-foil boundary 
condition was used. The real/reciprocal space partition parameter and the cut-
off for reciprocal lattice vectors were chosen to be 0.2 Å-1 and 8, respectively, 
to ensure the convergence of the Ewald sum. The number of trial moves in a 
typical simulation was 2  107, in which the first half moves were used for 
equilibration and the second half moves for ensemble averages. Five types of 
trial moves were randomly attempted in the GCMC simulation, namely, 
displacement, rotation, partial regrowth at a neighbouring position, complete 
regrowth at a new position, and swap between reservoir including creation and 
deletion with equal probability. To improve sampling efficiency, 
configurational-bias technique was adopted in which alcohol molecules were 
grown atom-by-atom biasing towards energetically favourable configurations 
while avoiding overlap with other atoms.185,186,286 For the first and subsequent 
atoms, fifteen and ten trial positions were generated respectively with a 
probability proportional to 
in tra
e x p ( )
i
U , where 1 /
B
k T   and 
in tra
i
U  is the 
intramolecular interaction energy at a position i. Then, one of the trial 
positions was chosen with a probability proportional to
   in te r in te re x p / e x p 
i i
i
U U  , where 
in te r
i
U  is the intermolecular interaction 
energy. A modified version of BIGMAC code188 was used for the GCMC 
simulations.  
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In the above-mentioned GCMC method, the framework of ZIF-8 was kept 
rigid. As pointed out earlier, however, ZIF-8 is not completely rigid. To 
incorporate framework flexibility, we used a hybrid MC/MD simulation 
method developed recently to mimic the structural transition of ZIF-8.196 
Specifically, GCMC simulation was first used to calculate alcohol adsorption 
in rigid ZIF-8 at a given pressure, then MD simulation was performed to relax 
ZIF-8 framework as well as adsorbed alcohol molecules, and the relaxed 
framework was used in the subsequent GCMC simulation. The MC/MD 
simulations were repeated until adsorption capacity converged. In each cycle, 
the number of trial moves in the GCMC simulation was 106, and the MD 
simulation was run for 600 ps. The MD simulations were conducted in 
DL_POLY.197 The equations of motion were integrated by the velocity Verlet 
algorithm with a time step of 1 fs. A relaxation time of 0.8 ps was to maintain 
the constant temperature. 
7.2 Results and Discussion 
All the simulation and experimental results presented are at 308 K (35 C). 
The pressure range examined for each alcohol is below its saturation pressure 
(see Table 7.4).287 First, methanol adsorption in ZIF-8 is discussed focusing 
on the effects of force fields, atomic charges and framework flexibility. Then, 
the microscopic mechanism for methanol adsorption is elucidated by 
analysing favourable adsorption sites and isosteric heats. Finally, the effect of 
force fields is examined on the adsorption of ethanol, propanol and butanol.   
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Table 7.4 Saturation pressures of C1 –C4 normal alcohols at 308 K.287  
Alcohol  Psat (kPa) 
Methanol 27.92 
Ethanol  13.69 
Propanol 5.18 
Butanol  1.83 
 
7.2.1 Methanol 
Figure 7.3 shows the adsorption isotherms of methanol in ZIF-8 predicted 
by three force fields (UFF, AMBER and DREIDING), as well as 
experimentally measured.87 The isotherms belong to S-shaped type V, which 
signifies the adsorption of weakly interacting adsorbate in a microporous 
framework. Similar type of isotherms were observed in previous studies for 
methanol adsorption in ZIF-71, Zn(bdc)(ted)0.5 and Zn4O(bdc)(bpz)2.
168-170 
With increasing pressure, the isotherm can be characterized into three regimes. 
In low-pressure regime, adsorption extent is small and as discussed below, this 
corresponds to cluster formation at preferential adsorption sites. With 
increasing pressure, cage-filling occurs with sharp increase in uptake. Finally, 
saturation is gradually approached in high-pressure regime. Among the three 
force fields, the uptake predicted decreases in the order of UFF > AMBER > 
DREIDING. The reason for such a trend will be discussed below. At a low 
pressure region, the isotherm predicted by the DREIDING matches the best 
with experimental data among the three force fields used. At a mid-pressure 
region, the DREIDING isotherm nicely agrees with experimental curve, while 
it slightly underestimates the uptake at a high pressure region. Overall, the 
DREIDING gives the best agreement with experiment, though it overestimates 
at low pressures and underestimates at high pressures. 
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Figure 7.3 Effect of force fields on methanol adsorption. 
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Figure 7.4 Effects of atomic charges and framework flexibility on methanol 
adsorption.  
The effects of atomic charges and framework flexibility are shown in 
Figure 7.4, in which the DREIDING was used for the LJ potential. Despite 
marginal differences at intermediate and high pressures, the predictions with 
and without atomic chargers are very close. This implies that the interactions 
between methanol and ZIF-8 framework are predominated by the LJ potential 
and the inclusion of atomic charges is insignificant in this case. Such 
behaviour was also observed for CO2 adsorption in IRMOFs
54 and ZIFs.272 By 
taking into account the framework flexibility, the predicted isotherm remains 
nearly the same. Thus, the framework flexibility has a negligible effect on 
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methanol adsorption. Similar effect was recently observed in the simulation of 
methanol adsorption in ZIF-90.171 Unless otherwise stated, the simulation 
results discussed below for methanol are based on the DREIDING, with 
atomic charges and rigid framework.   
Figure 7.5 illustrates the density contours of methanol in ZIF-8 at 1 and 5 
kPa. At 1 kPa, clusters (indicated by the dotted circles) are observed to form 
around the organic linkers (2-methylimidazolate), particularly proximal to the 
C = C bonds at the aperture. Meanwhile, methanol is also adsorbed onto the 
cage surface. With increasing pressure to 5 kPa, the clusters grow and cage-
filling occurs in the sodalite cage. Due to strong surface interaction, the 
density at cage surface is higher than at the cage centre. At even a higher 
pressure (not shown), the whole sodalite cage is almost filled including the 
cage centre. Therefore, the organic linker in ZIF-8 is the most favourable 
adsorption site, rather than the metal cluster. This phenomenon is similar to 
methanol adsorption in ZIF-71,169 as also observed in the experimental and 
simulation studies of gas adsorption in ZIF-8.277-279,288,289 It should be noted, 
however, metal clusters in many other MOFs appear to be the most favourable 
sites, e.g. for CO2 adsorption in IRMOFs.
54  
 
Figure 7.5 Density contours of methanol in ZIF-8 at 1 and 5 kPa (from left to 
right). The unit of density scale is the number of molecules per Å3. 
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To quantify the structural properties, radial distribution functions of 
methanol around the heavy atoms (Zn, N, C1, C2 and C3) in ZIF-8 were 
calculated and shown in Figure 7.6. At 1 kPa, a pronounced peak at r = 3.6 Å 
exists around the C2 atom. This confirms the preferential location of methanol 
proximal to the C = C bond observed in Figure 7.5. A slightly less 
pronounced peak at r = 4.0 Å is seen around the C3 atoms, which implies the 
methyl (CH3) group is less favourable. The distribution around the Zn and 
C1 atoms exhibit pronounced peaks at long distances r = 6.2 and 5.4 Å, 
respectively; thus the Zn and C1 atoms are also favourable for methanol 
adsorption. With increasing pressure from 1 to 5 kPa, the peak heights around 
all the atoms drop. This is attributed to the occurrence of cage-filling at a high 
pressure; consequently, more methanol molecules are located in the sodalite 
cage and move away from the framework atoms. 
 
Figure 7.6 Radial distribution functions of methanol around framework atoms 
at 1 and 5 kPa. 
The organic linker is the most favourable adsorption site, particularly the 
C2 and C3 atoms. Therefore, the interactions of methanol with the C2 and C3 
atoms largely govern adsorption particularly at low pressures. As listed in 
Table 7.1, the overall ε/kB  for the C2 and C3 atoms in the three force fields 
decreases approximately in the order of UFF > AMBER > DREIDING. 
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Therefore, among the three force fields, the uptake decreases following UFF > 
AMBER > DREIDING, as seen in Figure 7.3. 
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Figure 7.7 Simulated isosteric heat of methanol adsorption and experimental 
isosteric heat of ethanol adsorption88 for ZIF-8. 
To quantitatively examine adsorption energy, the isosteric heat of 
methanol adsorption Qst was calculated and plotted in Figure 7.7. The 
predicted Qst exhibits an increasing trend, which is similar to the experimental 
data of ethanol adsorption in ZIF-8.88 At zero loading, Qst for methanol is 
approximately 20 kJ/mol reflecting the interaction between a single methanol 
molecule and ZIF-8 framework. At low loadings (< 0.4 mmol/g) 
corresponding to the low-pressure regime in Figure 7.3, Qst increases sharply 
with loading, which is attributed to strong hydrogen bonding between 
methanol molecules during cluster-formation. Note that hydrogen bonding 
cannot occur between methanol and ZIF-8 framework because no donor or 
acceptor exists in ZIF-8. With increasing loading, Qst increases slowly; the 
reason is that methanol molecules are dispersed in the large sodalite cage 
during cage-filling and the adsorbate-adsorbate interaction is weak. At high 
loadings (> 9 mmol/g), methanol molecules are closely packed and hydrogen 
bonding is strong, leading to the increase of Qst. Due to the confinement effect, 
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apparently, the Qst at high loadings is higher than the enthalpy of condensation 
(36.96 kJ/mol)287 for methanol at 35 C.  
7.2.2 Ethanol, Propanol and Butanol 
Figure 7.8 shows the adsorption isotherms of ethanol, propanol and 
butanol in ZIF-8. All the isotherms are S-shaped, similar to methanol. Among 
the three force fields, the predictions follow the same trend as in Figure 7.3, 
i.e., UFF > AMBER > DREIDING. Similar to methanol simulation, 
DREIDING exhibits the best agreement with experimental data throughout the 
pressure rang.87  
 
Figure 7.8 Effect of force fields on the adsorption of ethanol, propanol and 
butanol. 
 
Figure 7.9 C1-C4 sorption in ZIF-8 simulated using DREIDING force field. 
“ad” and “de” denote adsorption and desorption, respectively. 
Figure 7.9 plots the desorption isotherms simulated using the DREIDING. 
There is no hysteresis loop for C1-C4 alcohols, consistent with the 
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experimental measurement of ethanol.88 This also confirms that the S-shaped 
isotherms observed here are not caused by gate-opening effect, which is 
associated with distinct hysteresis loop. As discussed above, the S-shaped 
isotherms are attributed to the cluster formation and cage-filling at different 
adsorption sites.  
Compared to methanol adsorption, the loading of ethanol at a low pressure 
is higher (see Figure 7.9). The reason is that ethanol is longer than methanol 
and has more interaction sites, thus interacts more strongly with ZIF-8. 
However, the saturation loading of ethanol (6.1 mmol/g) is lower than that of 
methanol (10 mmol/g). This is because adsorption near saturation is primarily 
governed by entropic (size) effect, and fewer ethanol molecules can be 
adsorbed compared to methanol. The same behaviour is also observed with 
increasing the chain length of alcohol (or the number of carbon atoms). 
Specifically, the saturation loadings of propanol and butanol are 4.9 and 4.3 
mmol/g, lower than 6.1 mmol/g of ethanol and 10 mmol/g of methanol. 
Regarding to the framework flexibility, Figure 7.10 also reveals the effect is 
negligible on ethanol adsorption in ZIF-8.  
 
Figure 7.10 Effect of framework flexibility on ethanol adsorption. 
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To quantitatively evaluate the adsorption of C1 – C4 alcohols as a function 
of the number of carbon atoms, the isosteric heats at infinite dilution were 
estimated. The conformational change of alcohol upon adsorption was taken 
into account. As shown in Figure 7.11, o
s t
Q  rises linearly with increasing 
number of carbon atoms in alcohol. As the number of carbon atoms increases, 
the alcohol molecule contains more non-polar aliphatic sites and possesses a 
stronger affinity with hydrophobic ZIF-8. In a recent computational study, 
Heine and co-workers showed that dispersion interaction counts 
approximately 50% of total interaction energy for ethanol adsorption in MOFs, 
which is stronger compared to methanol adsorption (around 40%).165 This 
suggests that the dispersion interaction increases with the number of carbon 
atoms in alcohol, leading to higher interaction energy. Among the four 
alcohols, butanol has the strongest interaction with ZIF-8 and hence the 
greatest o
s t
Q . Similar behaviour was observed for the adsorption of normal 
alkanes in silicalite,187 alumina and 13X molecular sieve290 and carbon 
nanotubes.291  
 
Figure 7.11 Heats of adsorption at infinite dilution for C1-C4 alcohols. 
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7.3 Summary 
Adsorption of C1 – C4 alcohols in ZIF-8 has been investigated by 
molecular simulation.  The isotherms of all the four alcohols are S-shaped type 
V, indicating relatively weak adsorption in a microporous framework. With 
increasing pressure, three adsorption regimes are observed. At a low pressure, 
clusters are formed proximal to organic linker (2-methylimidazolate). The C = 
C bond of organic linker is identified to be the most favourable site for 
adsorption. At an intermediate pressure, cage-filling occurs in sodalite cage 
with sharp increase in adsorption. Finally, saturation is approached at a high 
pressure. The isosteric heat of adsorption at infinite dilution rises linearly with 
the chain length of alcohol, as attributed to the enhanced interaction between 
aliphatic tail and hydrophobic ZIF-8. At a low pressure, a longer alcohol has a 
greater uptake; however, its saturation loading is smaller. With regard to the 
effect of force fields, the simulated uptakes of the four alcohols decrease in the 
order of UFF > AMBER > DREIDING. Upon comparison with experimental 
data, the DREIDING gives the best prediction. In addition, the atomic charges 
and framework flexibility have negligible effects on adsorption. This 
simulation study systematically examines the effects of force fields, atomic 
charges and framework flexibility on alcohol adsorption in ZIF-8. The 
microscopic insight provided is helpful to better elucidate the adsorption 
behaviour of alcohols in other ZIFs and MOFs, and would facilitate the 
development of new nanoporous materials for biofuel purification. 
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 Biofuel Purification in Zeolitic Imidazolate 
Frameworks 
In this chapter, we aim to investigate biofuel purification in a series of 
ZIFs (ZIF-8, -90, -25, -71, -96 and -97). As a subset of MOFs, ZIFs have 
structural topologies similar to zeolites, in which the tetrahedral Si/Al nodes 
and O bridges are replaced by metal ions and imidazolate linkers, respectively. 
ZIFs possess exceptional chemical and thermal stability; in addition, the pore 
size and affinity of ZIFs are readily tunable. The six ZIFs under study share 
the same metal clusters, but differ in imidazolate linkers with various 
functional groups. Therefore, the role of functional groups in biofuel 
purification will be elucidated from bottom-up, which could facilitate the 
development of new ZIFs and MOFs to improve biofuel purification. 
Following this introduction, the molecular models and simulation methods are 
described in Section 8.1. The biofuel is represented by ethanol/water mixtures. 
In Section 8.2, the adsorption properties of pure ethanol and water in the six 
ZIFs are first presented and compared with available experimental data, and 
then the separation of ethanol/water mixtures is discussed. Finally, the 
concluding remarks are summarized in Section 8.3. 
8.1 Models and Methods 
8.1.1 Atomic Models 
Figure 8.1 illustrates the atomic structures of ZIF-8, -90, -25, -71, -96 and 
-97. They consist of the same tetrahedral ZnN4 clusters but different 
imidazolate linkers. Specifically, the linkers in ZIF-8, -90, -25, -71, -96 and -
97 are 2-methyl imidazolate (meIm), imidazole-2-carboxyaldehyde 
imidazolate (icaIm), dimethyl imidazolate (dmeIm), dichloro imidazolate 
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(dcIm), cyanideamine imidazolate (cyamIm) and hydroxymethylmethyl 
imidazolate (hymeIm), respectively. Among the six ZIFs, ZIF-8 and ZIF-90 
possess the SOD type topology, in which the linker is singly functionalized at 
position 2;280,292 4 and 6-membered rings are connected to form sodalite cages. 
In contrast, ZIF-25, -71, -96 and -97 belong to RHO type with the linker 
dually functionalized at positions 4 and 5.57,272 The 4, 6 and 8-membered rings 
are connected to form truncated cuboctahedra (-cages) in a cubic body-
centred arrangement. 
 
 
 
Figure 8.1 Atomic structures of ZIF-8, -90, -25, -71, -96 and -97. ZnN4 cluster: 
orange polyhedron, C: cyan, O: red, N: blue, Cl: green, and H: white. The size 
is not in the same scale. 
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Figure 8.2 Pores along the (111) direction in ZIF-8, -90, -25, -71, -96 and -97. 
The size is not in the same scale. 
In each ZIF, the accessible surface area, free volume, porosity, and pore 
size were calculated. N2 with a kinetic diameter of 3.64 Å was used as a probe 
to estimate the accessible surface area Sa by rolling the probe over framework 
surface.204 The free volume Vf was estimated by randomly inserting He, a non-
adsorbing species, into framework.205 The ratio of free volume over 
framework volume gave porosity . The pore size was calculated from the 
HOLE program,206 including the diameter of cage (dc) and of aperture (da). As 
illustrated in Figure 8.2, the pore along the (111) direction in each ZIF is 
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composed of alternating cage and aperture. Table 8.1 summarizes the 
structural properties of ZIF-8, -90, -25, -71, -96 and -97. The simulated 
surface areas agree fairly well with experimental BET values except for ZIF-8 
and -97, plausibly due to the existence of solvent in experimental samples. 
Compared to ZIF-8 and ZIF-90, ZIF-25, -71, -96 and -97 generally possess 
smaller surface area Sa and free volume Vf, but larger cage dc. The aperture 
diameter da in the six ZIFs ranges from 3.1 to 3.8 Å. In principle, a guest 
molecule with size larger than da cannot enter into the framework. However, it 
has been experimentally demonstrated that ZIF structures are not completely 
rigid and their aperture sizes can fluctuate, thus allow larger molecules to enter. 
For instance, several molecules (Ar, O2, N2, CH4, C2H6, C3H8, n-C4H10 and 
iso-C4H10)
61,280,282,293 as well as ethanol, butanol, hexane, and xylene 
isomers294 with kinetic diameter > 3.1 Å were found to adsorb and diffuse in 
ZIF-8. 
Table 8.1 Structural Properties of ZIF-8, -90, -25, -71, -96 and -97. 
 
ZIF-8 ZIF-90 ZIF-25 ZIF-71 ZIF-96 ZIF-97 
Linker 
 
meIm 
 
icaIm 
 
dmeIm 
 
 
dcIm 
 
cyamIm 
 
hymeIm 
Topology SOD SOD RHO RHO RHO RHO 
Space group I43m I43m Fd-3m Pm-3m I432 I432 
a = b = c (Å) 16.9910280 17.2715292 28.6885272 28.553957 28.5291272 28.6011272 
ρ (g/cm3)a 0.924 0.988 0.949 1.155 0.977 0.997 
Sa (m
2/g)b 
1279 1216 1029 1023 1128 835 
(1630),280 
(1696)87  
(1270),292 
(1280)87  
(1110)272 
(652),272 
(1183)87  
(960)272 (564)272 
Vf  (cm
3/g) 0.531 0.480 0.443 0.447 0.518 0.400 
 0.491 0.474 0.420 0.516 0.506 0.399 
dc (Å) 
11.1 10.4 16.2 16.4 16.2 15.8 
da (Å) 
3.1 3.5 3.3 3.5 3.8 3.3 
aThe densities are based on solvent-free perfect crystals. bExperiemtnal BET surface areas are in 
parentheses.  
Chapter 8  
127 
 
The framework atoms of ZIFs were represented by LJ and Coulombic 
potentials. The atomic charges of ZIFs were calculated by the density 
functional theory (DFT) based on fragmental clusters as illustrated in Figure 
8.3. The DFT calculations used the Becke exchange plus the Lee-Yang-Parr 
functional (B3LYP) and were carried out by Gaussian 03.174 The accuracy of 
DFT-derived atomic charges depends on the choice of functional as well as 
basis set. Expressed as both local and gradient electron densities, the B3LYP 
has been widely used for solid materials. For small basis sets, the atomic 
charges fluctuate appreciably but tend to converge beyond 6-31G(d) basis 
set.178 Therefore, 6-31G(d) was used for all the atoms of ZIFs except Zn atoms, 
for which the LANL2DZ basis set was used. By fitting the electrostatic 
potentials, the atomic charges were estimated as listed in Table 8.2.  
 
 
 
Figure 8.3 Fragmental clusters of ZIF-8, -90, -25, -71, -96 and -97. 
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Table 8.2 Atomic charges of ZIFs. 
ZIF-8 ZIF-90 ZIF-25 ZIF-71 
Atom Charge (e) Atom Charge (e) Atom Charge (e) Atom Charge (e) 
Zn 1.0219 Zn 0.8311 Zn 1.0678 Zn 0.9553 
N 0.4973 N 0.2964 N 0.4356 N 0.1611 
C1 0.4958 O 0.5150 C1 0.3009 C1 0.4036 
C2 0.0672 C1 0.5118 C2 0.1248 C2 0.1322 
C3 0.2720 C2 0.0844 C3 0.1216 Cl 0.1160 
H1 0.0632 C3 0.0113 H1 0.0507 - - 
H2 0.1023 H1 0.0452 H2 0.0134 - - 
- - H2 0.0341 - - - - 
 
ZIF-96 ZIF-97 
Atom Charge (e) Atom Charge (e) 
Zn1 0.6342 Zn 0.7797 
Zn2 0.9203 N1 0.3800 
N1 0.4847 N2 0.2654 
N2 0.7835 O 0.6790 
N3 0.5257 C1 0.0008 
N4 0.3627 C2 0.0700 
C1 0.1640 C3 0.0024 
C2 0.5131 C4 0.1805 
C3 0.1342 C5 0.2866 
C4 0.4781 H1 0.1882 
H1 0.1706 H2 0.0592 
H2 0.2882 H3 0.3927 
- - H4 0.0011 
 
In the literature, universal force field (UFF) and DREIDING force fields 
are widely used to mimic the LJ potentials of MOFs.54,205,214,215 It is well 
recognized, however, these force fields overestimate the adsorption of small 
gas molecule (e.g. CO2, N2 and CH4) in ZIFs.
277-279 In Chapter 7, the UFF, 
DREIDING and AMBER were tested for the adsorption of C1C4 alcohols in 
ZIF-8; and the DREIDING offers the best agreement with experiment.295 
Hence, the DREIDING is used in this study for the six ZIFs and the 
corresponding parameters are listed in Table 8.3.  
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Table 8.3 DREIDING force field parameters of ZIF atoms. 
Atom σ (Å) ε/kB (K) 
Zn 4.045 27.652 
N 3.263 38.914 
C 3.473 47.813 
 
 
O 3.033  48.115   
Cl 3.519   142.434 
H 2.846 7.642 
 
Table 8.4 Potential parameters of ethanol and water. 
 
LJ parameters and charges 
bond length  bond bending 
site σ (Å) ε/kB (K) charge (e) 
EtOH 
CH3 3.75 98 0 
rCH3-CH2 = 1.54 Å 
rCH2-O = 1.43 Å 
rO-H = 0.945 Å 
θ
0
CH3-CH2-O = 109.47 
kθ /kB = 50400 K 
θ
0
CH2-O-H = 108.5 
kθ /kB = 55400 K 
CH2 3.95 46 0.265 
O 3.02 93 0.7 
H 0 0 0.435 
H2O 
O 3.151 76.42 0.834 
rO-H = 0.96 Å θ
0
H-O-H = 104.52 
H 0 0 0.417 
 
Ethanol was represented by a united-atom model with each CHx as a single 
interaction site. The potential parameters were adopted from the transferable 
potentials for phase equilibria (TraPPE) force field, which was fitted to 
measured critical properties and equilibrium data.285 The bond lengths were 
fixed, while the bending and torsional potentials were described by 
         
2
0
b e n d in g
1
2
i jk ijk
U k

                                       (8.1) 
to rsio n a l 0 1 2 3
[1 co s ] [1 co s(2 )] [1 co s(3 )]U c c c c               (8.2) 
where kθ is force constant, i jk  is bond angle and 
0
i jk
  is equilibrium angle;  is 
torsional angle and c0/kB = 0, c1/kB = 209.82, c2/kB = 29.17 and c3/kB = 187.93. 
Water was mimicked by the three-point transferable interaction potential 
model (TIP3P).218 The TIP3P gives reasonably good interaction energy 
compared to experiment. Table 8.4 gives the potential parameters of ethanol 
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and water. The cross interaction parameters were estimated by the Lorentz-
Berthelot combining rules. 
8.1.2 Methods 
To simulate the adsorption of pure ethanol and water as well as their 
mixtures, grand canonical Monte Carlo (GCMC) method was used. For pure 
water and ethanol, the adsorption was examined below saturation pressure, 
thus they were considered as ideal gases. The simulation box contained eight 
(2 × 2 × 2) unit cells for ZIF-8 and ZIF-90, while one unit cell for ZIF-25, -71, 
-96 and -97, respectively. The periodic boundary conditions were exerted in 
all the three dimensions. It has been revealed that structural flexibility has a 
negligible effect on alcohol adsorption in ZIFs,171,295 thus the ZIF structures 
were assumed to be rigid. In addition, the possible inaccessible cages in the 
ZIFs were analysed using ethanol as a probe (4.46 Å in diameter). As 
illustrated in Figure 8.4, the 4-membered rings in ZIF-96 and ZIF-97 are 
inaccessible to ethanol, thus were blocked for ethanol adsorption during 
GCMC simulations. As demonstrated in a recent study, it is crucial to block 
inaccessible cages in GCMC simulations to avoid unrealistic adsorption.184 
 
 
Figure 8.4 Accessibility in ZIF-96 and ZIF-97. Green and red represent the 
accessible and inaccessible regions for ethanol, respectively. 
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In the GCMC simulations, the LJ interactions were evaluated with a 
spherical cut-off of 15 Å. For the Coulombic interactions, the Ewald sum with 
a tin-foil boundary condition was used. The real/reciprocal space partition 
parameter and the cut-off for reciprocal lattice vectors were chosen to be 0.2 
Å-1 and 8, respectively, to ensure the convergence of the Ewald sum. The 
number of trial moves in a typical GCMC simulation was 2  107, in which the 
first half were used for equilibration and the second half for ensemble 
averages. Five types of trial moves were randomly attempted, namely 
displacement, rotation, partial regrowth at a neighbouring position, complete 
regrowth at a new position, and swap between reservoir including creation and 
deletion with equal probability. To improve sampling efficiency, 
configurational-bias technique was adopted in which an adsorbate molecule 
was grown atom-by-atom biasing towards energetically favourable 
configurations while avoiding overlap with other atoms.185-187 Specifically, the 
trial positions were generated with a probability proportional to 
in tra
e x p ( )
i
U , 
where 1 /
B
k T   and 
in tra
i
U  is the intramolecular interaction energy at a 
position i. The numbers of trial positions for the first and subsequent atoms 
were fifteen and ten for pure ethanol and water, while twenty and fifteen for 
ethanol/water mixtures. One of the trial positions was then chosen with a 
probability proportional to    in te r in te re x p / e x p 
i i
i
U U  , where in te r
i
U  is the 
intermolecular interaction energy. A modified version of BIGMAC code188 
was used for the GCMC simulations.   
Furthermore, molecular dynamics (MD) simulations were conducted using 
GROMACS v.4.5.3189 to estimate hydrogen-bonds (H-bonds). A hydrogen 
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bond was assumed to form if the geometrical distance of donor and acceptor < 
3.5 Å and the angle of acceptor – donor – hydrogen < 30. The initial 
configurations for the MD simulations were taken from the final 
configurations of GCMC simulations. Similarly, the ZIF structures were also 
treated to be rigid in the MD simulations. The Nosé-Hoover method was used 
to maintain the temperature with a relaxation time of 0.1 ps. To calculate the 
Coulombic interactions, particle-mesh-Ewald technique was applied with a 
grid spacing of 0.12 and a fourth-order interpolation. The bond lengths of 
ethanol and water molecules were constrained using a linear constraint 
solver.190 Each MD simulation was conducted for 12 ns, wherein the first 2 ns 
was used for equilibration and subsequent 10 ns was used for production. The 
potential and kinetic energies were monitored to ensure equilibration. The 
trajectory in production run was saved every 1 ps for analysis. 
8.2 Results and Discussion 
First, the adsorption properties of pure ethanol in the six ZIFs are 
presented. From the adsorption isotherms, hydrogen-bonds, isosteric heats, 
radial distribution functions and density distribution contours, the role of 
functional groups is quantitatively assessed. Then, the adsorption of pure 
water is discussed, from which the hydrophobicity/hydrophilicity of the six 
ZIFs is classified. Finally, the separation of ethanol/water mixtures is 
examined and the highest selectivity is identified.  
8.2.1 Pure Ethanol 
Figure 8.5 shows the adsorption isotherms of ethanol (EtOH) in ZIF-8, -
90 and -71 at 308 K (35 C). Fairly good agreement is observed between the 
simulated and experimental results in ZIF-8. Although the deviations in ZIF-
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90 and ZIF-71 are relatively large, the general feature of adsorption is 
captured by simulation. The deviations might be caused by the limitation of 
the force field chosen. With increasing pressure, the isotherms can be 
characterized into three regions.295 At low pressures, adsorption extent is small 
corresponding to cluster formation at preferential adsorption sites. With 
increasing pressure, cage-filling occurs with sharp increase in the uptake. 
Finally, saturation is gradually approached at high pressures. Apparently, the 
isotherms in ZIF-8 and ZIF-71 belong to S-shaped type V, which signifies the 
adsorption of weakly interacting adsorbate in a microporous structure. Similar 
isotherms were observed in Chapter 7 and our other previous simulation 
studies for alcohol adsorption in different MOFs.168-170,295  Compared to ZIF-8 
and ZIF-71, the isotherm in ZIF-90 is higher and its shape tends to become 
type I. This indicates that EtOH adsorption in ZIF-90 is stronger than in ZIF-8 
and ZIF-71, as discussed below. 
 
Figure 8.5 Adsorption isotherms of EtOH in ZIF-8, -90 and -71 at 308 K. The 
experimental data are from Zhang et al.87 
The simulated adsorption isotherms of EtOH in the six ZIFs are plotted in 
Figure 8.6. In low-pressure region (e.g. 0.01 kPa), the uptake decreases in the 
order of ZIF-97 > -96 > -90 > -71  -25 > -8. Apparently, EtOH adsorption in 
0
1
2
3
4
5
6
7
0 2 4 6 8 10
N
(m
m
o
l/
g
)
P (kPa)
ZIF-90 sim.
ZIF-90 exp.
ZIF-8 sim.
ZIF-8 exp.
ZIF-71 sim.
ZIF-71 exp.
Chapter 8  
134 
 
ZIF-97, -96 and -90 is stronger than in ZIF-71, -25 and -8. This is because 
ZIF-97, -96 and -90 contain polar groups (–CH2OH, –NH2, –CN and –CHO) 
and can form hydrogen bonding (H-bonding) with EtOH. The strongest 
affinity in ZIF-97 is attributed to two factors: one is the capability to form H-
bonding, and the other is the smallest free volume leading to the strongest 
overlap of surface potentials. In contrast, the groups (–CH3 and –Cl) in ZIF-8, 
-25 and -71 are non- or weakly polar; therefore, no H-bonding is formed 
between framework and EtOH. Compared to ZIF-25 and ZIF-71, ZIF-8 
exhibits the weakest affinity for EtOH. The reason is that ZIF-25 and ZIF-71 
consist of two functional groups per ligand, instead of one in ZIF-8; thus ZIF-
25 and ZIF-71 possess stronger van der Waals interactions with EtOH.  
 
Figure 8.6 Adsorption isotherms of EtOH in ZIF-8, -90, -25, -71, -96 and -97. 
The inset is the low-pressure region. 
To better evaluate the effect of functional groups on adsorption in high-
pressure region, Figure 8.7 shows the adsorption isotherms of EtOH in ZIF-25, 
-71, -96 and -97 based on the number of molecules in simulation box. In high-
pressure region, the contribution of porosity becomes increasingly important. 
This effect is observed among the four RHO-type ZIFs, in which ZIF-71 and 
ZIF-96 have a larger porosity than ZIF-25 and ZIF-97, and hence a greater 
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uptake near saturation. Nevertheless, H-bonding also comes into play with 
porosity. For example, despite a smaller porosity compared to ZIF-71, ZIF-96 
possesses a slightly greater saturation uptake because of H-bonding. This 
interplay also occurs between ZIF-25 and ZIF-97, i.e., ZIF-25 has a larger 
porosity but its saturation capacity is lower than ZIF-97.  
 
Figure 8.7 Adsorption isotherms of EtOH in ZIF-25, -71, -96 and -97 based 
on the number of molecules in simulation box. 
Chapter  7 suggests that the effect of atomic charges is insignificant for 
alcohol adsorption in ZIF-8.295 This effect is further examined here in all the 
six ZIFs. As shown in Figure 8.8, the adsorption isotherms of EtOH in 
symmetrically functionalized ZIF-8, -25, and -71 are only marginally affected 
by the inclusion of atomic charges. In asymmetrically functionalized ZIF-90, -
96 and -97, however, the adsorption isotherms substantially decrease without 
atomic charges. This phenomenon, also observed for CO2 adsorption in 
several ZIFs,272 indicating that the Coulombic interaction in ZIFs is reduced 
by symmetrical functionalization. 
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Figure 8.8 Adsorption isotherms of EtOH in (a) ZIF-8, -25 and -71 (b) ZIF-90, 
-96 and -97. The solid and dotted lines denote simulation results with and 
without atomic charges in ZIFs. 
As pointed out above, H-bonding has a significant effect on EtOH 
adsorption. Figure 8.9 presents the number of hydrogen bonds (H-bonds). 
“ZIF-EtOH, EtOH-EtOH and total” refer to the H-bonds between ZIF and 
EtOH, EtOH and EtOH, and the sum of the two, respectively. The functional 
groups in ZIF-8, -25, and -71 are not polar, thus there are no ZIF-EtOH H-
bonds. Nevertheless, the number of ZIF-EtOH H-bonds in ZIF-90, -96 and -97 
increases with increasing amount of EtOH. It is interesting to note that ZIF-96 
has the least number of H-bonds in these three ZIFs, suggesting that –NH2 and 
–CN groups in ZIF-96 have weaker capability to form H-bonding compared to 
–CHO and –CH2OH groups in ZIF-90 and ZIF-97. With regard to EtOH-
EtOH H-bonds, the number increases in each ZIF when more EtOH is 
adsorbed. As a result, the total number of H-bonds also increases.  
 
Figure 8.9 Number of H-bonds (a) ZIF-EtOH (b) EtOH-EtOH and (c) total. 
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To quantitatively examine adsorption energy, the isosteric heat of 
adsorption was investigated as a function of loading. Specifically, o
s t
Q  at 
infinite dilution was estimated by a single-molecule MC simulation. The 
conformational change of adsorbate upon adsorption was taken into account. 
 
Figure 8.10 Isosteric heats (a) infinite dilution and (b) finite loadings for 
EtOH adsorption in ZIF-8, -90, -25, -71, -96 and -97. 
Figure 8.10 shows the Qst
0 and Qst for EtOH adsorption in ZIF-8, -90, -25, 
-71, -96 and -97. For SOD-type ZIFs, ZIF-90 has a higher o
s t
Q  than ZIF-8 due 
to polar –CHO group. Similarly, for RHO-type ZIFs, ZIF-96 and ZIF-97 with 
polar –NH2, –CN and –CH2OH groups exhibit higher 
o
s t
Q  than ZIF-25 and 
ZIF-71. Among the six ZIFs, ZIF-97 has the highest o
s t
Q , followed by ZIF-96, 
-90, -71, -25, and -8. This hierarchy is consistent with the uptake in low-
pressure region (see Figure 8.6). With increasing loading, interestingly, Qst 
exhibits three trends in the six ZIFs. (1) In ZIF-8 and ZIF-90, Qst 
monotonically increases as experimentally observed in ZIF-8.88 The increase 
in ZIF-8 is particularly sharp at low loadings and attributed to the occurrence 
of H-bonding between EtOH molecules. Note that H-bonding cannot occur 
between EtOH and ZIF-8 due to the absence of donor or acceptor in ZIF-8. At 
intermediate loadings, Qst in ZIF-8 and ZIF-90 increases slowly because EtOH 
molecules are dispersed in sodalite-cage and the EtOH-EtOH interaction is 
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weak. At high loadings, EtOH molecules are closely packed and H-bonding is 
strong, leading to the further increase of Qst. (2) In ZIF-25 and ZIF-71, Qst 
marginally increases at low and intermediate loadings, and the magnitude of 
increase (or the slope) is less than in ZIF-8 and ZIF-90. The reason is that 
EtOH molecules are dispersed in -cage, which is larger than sodalite-cage, 
thus the EtOH-EtOH interaction in ZIF-25 and ZIF-71 is weaker compared to 
that in ZIF-8 and ZIF-90. At high loadings, Qst distinctly increases as also seen 
in ZIF-8 and ZIF-90. (3) In ZIF-97 and ZIF-96, Qst decreases (particularly in 
ZIF-97) at low and intermediate loadings because the favourable adsorption 
sites are gradually occupied as loading increases. Nevertheless, Qst also 
increases at high loadings, as in the other four ZIFs, due to more compact 
packing.  
It is instructive to characterize adsorption sites in the ZIFs. To do this, 
radial distribution functions for EtOH around the framework atoms (Zn, N, C 
and O) in the six ZIFs at 1 kPa were calculated. As shown in Figure 8.11, a 
peak at 5 Å exists around C2 atom in ZIF-8, implying the favourable location 
of EtOH proximal to the C=C bond of imidazolate linker. A lower peak at r = 
4.5 Å is seen around C3 atom, thus CH3 group is a less favourable site. The 
distributions around Zn and C1 atoms only exhibit peaks at long distances (7 
and 6.2 Å). This is consistent with methanol adsorption in ZIF-8 in Chapter 
7.295 In ZIF-90, CH3 in ZIF-8 is replaced by –CHO. Consequently, a sharp 
peak at 2.9 Å is seen around O atom, which indicates strong interaction 
between –CHO and EtOH thus confirming the formation of H-bonding. In 
addition, C2 atom also acts as a favourable site at 4.1 Å.  
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Figure 8.11 Radial distribution functions for EtOH around the framework 
atoms of ZIF-8, -90, -25, -71, -96 and -97. 
In RHO-type ZIFs, ZIF-25 and ZIF-71 exhibit similar distribution pattern. 
A pronounced peak at 4.9 Å exists in ZIF-25 and ZIF-71 around C3 and Cl 
atoms, respectively. This indicates –CH3 group in ZIF-25 and –Cl in ZIF-71 
are the favourable sites. Furthermore, a lower peak is observed around C1 
atom in both structures. In ZIF-96, the peaks at 4.2 Å around N2, N3, and C4 
atoms are almost equally significant. The reason is that –NH2 and –CN groups 
form H-bonding with EtOH, and thus the interactions are strong. In ZIF-97, a 
sharp peak around O atom implies strong interaction between –CH2OH group 
and EtOH, again attributed to H-bonding. Moreover, peaks are also seen 
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around C4 and C5 atoms, corresponding to –CH3 and –CH2– groups. A 
common feature in the six ZIFs is that the peak around Zn atom is generally 
low at a long distance. Consequently, the imidazolate linkers are more 
favourable than the metal clusters in these ZIFs. This phenomenon is also 
observed in the experimental and simulation studies of gas adsorption in 
ZIFs.196,277-279,288,289 
 
Figure 8.12 Density contours of EtOH in ZIF-8 (top) and ZIF-96 (bottom). 
The unit of density scale is the number of molecules per Å3. 
To visualize the locations of adsorbed EtOH molecules, Figure 8.12 
shows the density contours of EtOH in two ZIFs (ZIF-8 and ZIF-96). In ZIF-8, 
cluster is observed to form at a low pressure (0.1 kPa), proximally to the 
favourable site C=C bond at the aperture along the (111) direction. As 
pressure increases to 1 and 5 kPa, the density surrounding the less favourable 
site –CH3 group increases; meanwhile, cage-filling occurs in the sodalite cage. 
In ZIF-96, at low and intermediate pressures (0.1 and 1 kPa), EtOH molecules 
are primarily populated near –NH2 and –CN groups at the aperture of -cage. 
At a high pressure (5 kPa), EtOH molecules are also located inside -cage and 
6-membered ring. 
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8.2.2 Pure Water 
Figure 8.13a shows the adsorption isotherms of water (H2O) in ZIF-8, -71 
and -90. The simulation results are in fairly good agreement with experimental 
data.87 H2O uptake in ZIF-8 and ZIF-71 is nearly zero, observed by both 
simulation and experiment. In ZIF-90, H2O uptake is initially negligible but 
sharply increases beyond 1 kPa. Figure 8.13b shows the adsorption isotherms 
in the six ZIFs. The vapour pressure of H2O for TIP3P model is 5.66 kPa
296 at 
308 K, which is close to the value (5.58 kPa) from Antoine equation (Table 
8.5). The simulation for H2O adsorption in this study is based on absolute 
pressure instead of relative pressure, so the vapour pressure presented is for 
reference only. ZIF-8, -25 and -71 exhibit negligible adsorption below 5 kPa, 
and thus can be considered as hydrophobic. However, it is expected that 
capillary condensation would occur beyond the saturation pressure, as 
demonstrated previously in ZIF-71.169 On the other hand, substantial 
adsorption is observed in ZIF-90, -96, and -97, because they contain polar 
functional groups, can form H-bonding with H2O, and thus are hydrophilic. 
Such classification is in accord with the study by Amrouche et al..297 Among 
the three hydrophilic ZIFs, ZIF-96 has the highest saturation capacity. As 
discussed above, this is because adsorption at high pressures is primarily 
governed by free volume; ZIF-96 possesses the largest free volume than ZIF-
90 and ZIF-97, thus accommodating the highest capacity. 
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Figure 8.13 Adsorption isotherms of H2O at 308 K in (a) ZIF-8, -71 and -90. 
Experimental data are from Zhang et al.87  (b) ZIF-8, -71, -90, -25, -96 and -97. 
Table 8.5 Antoine equation parameters of ethanol and water.298 
1 0
lo g ( k P a )
( K )
B
P A
T C
 

 
 A B C 
Ethanol  7.24215 1596.044 46.655 
Water  7.11572 1684.123 43.568 
 
At 298 K, sa t
e th a n o l
7 .8 0  k P aP   and 
2
sa t
H O
3 .1 4  k P aP  . 
At 308 K, sa t
e th a n o l
1 3 .6 5  k P aP   and 
2
sa t
H O
5 .5 8  k P aP  . 
 
Similar to EtOH, H-bonding also has a significant effect in H2O adsorption. 
Figure 8.14 plots the number of H-bonds between ZIF and H2O, H2O and 
H2O, and the total, respectively. The functional groups in ZIF-90, -96, and -97 
can form H-bonds with H2O, thus only these three ZIFs are examined. The 
number of ZIF-H2O H-bonds in ZIF-90, -96 and -97 increases with increasing 
amount of H2O adsorbed, and ZIF-96 has the largest number of H-bonds 
among the three ZIFs. This behaviour is different from EtOH in Figure 8.9a, 
suggesting that H2O can form H-bonds more preferentially than EtOH in ZIF-
96. As H2O has strong capability to form H-bonds and almost all H2O 
molecules adsorbed are involved in H-bonding. Consequently, the number of 
H2O-H2O H-bonds is much more compared to the number of ZIF-H2O H-
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bonds. In the three ZIFs, the number of H2O-H2O H-bonds and the total 
number are close. 
 
Figure 8.14 Number of H-bonds (a) ZIF-H2O (b) H2O-H2O and (c) total. 
 
Figure 8.15 Density contours of H2O in ZIF-8 (top) and ZIF-96 (bottom). The 
unit of density scale is the number of molecules per Å3. 
Figure 8.15 shows the density contours of H2O in ZIF-8 and ZIF-96 at 1 
and 5 kPa, respectively. In ZIF-8, H2O has negligible adsorption at both 
pressures. This is because, as discussed above, ZIF-8 is hydrophobic and has 
very weak affinity for H2O. At 1 kPa, H2O molecules in ZIF-96 are mainly 
located within the 4-membered ring due to strong potential overlap. With 
increasing pressure to 5 kPa, cage-filling occurs with the highest density at the 
cage centre, while the cage surface is also covered by H2O molecules.  
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8.2.3 Ethanol/Water Mixtures  
Biofuel is mimicked by a liquid mixture of EtOH/H2O, in which the 
fugacity of component i is estimated by  
                         
sa t
s a t s a t ( )
e x p
i i
i i i i i
V P P
f P X
R T
 
 
  
 
                               (8.3) 
where sa t
i
P  is saturation pressure, sa t
i
  is fugacity coefficient, 
i
X is mole 
fraction in liquid mixture, 
i
 is activity coefficient, iV  is partial molar volume, 
P and T are operating pressure and temperature. At the operating conditions 
considered in this study (P = 1 bar and T = 298 K), sa t
i
  and the Poynting 
factor (the exponential term) are approximately equal to unity. The saturation 
pressures of EtOH and H2O were calculated by the Antoine equation (Table 
8.5), and the activity coefficients (Figure 8.16) were estimated by the Non-
Random Two Liquid (NRTL) model.298 
 
Figure 8.16 (a) Vapour-liquid equilibria (b) fugacities of EtOH/H2O mixtures 
at 298 K. 
Figure 8.17 shows EtOH uptake of EtOH/H2O mixtures in ZIF-8 at 298 K. 
The experimental data by Denayer and co-workers85 are also plotted. 
Compared to experiment, the simulated uptake is higher at XE < 0.012 and 
lower at XE > 0.012. Nevertheless, the general trend is captured by simulation. 
This is the first simulation prediction for ethanol/water liquid mixtures in ZIF-
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8. The trend and the fairly good agreement are encouraging. The deviations 
between simulation and experiment are plausibly rooted in pure EtOH. As 
shown in Figure 8.5, the simulated isotherm of EtOH in ZIF-8 agrees fairly 
well with experiment. From a closer look, however, we can see that simulation 
overestimates in low-pressure region, but underestimates in high-pressure 
region. Certainly, more studies are desired toward better agreement. 
 
Figure 8.17 EtOH uptake of EtOH/H2O mixtures in ZIF-8 at 298 K. The 
experimental data are from Cousin Saint Remi et al.85 
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Figure 8.18 Adsorption isotherms of EtOH/H2O mixtures in ZIF-8, -90, -25, -
71, -96 and -97 at 298 K. 
Figure 8.18 shows the adsorption isotherms of EtOH/H2O mixtures in 
ZIF-8, -90, -25, -71, -96 and -97. With increasing XE, EtOH uptake increases, 
whereas H2O uptake decreases in the six ZIFs. In hydrophobic ZIF-8, -25, and 
-71, although the uptake of pure H2O is negligible, H2O uptake from 
EtOH/H2O mixtures is enhanced because EtOH can act as seed for H2O 
adsorption. This phenomenon was also observed in the adsorption of 
EtOH/H2O mixtures in highly hydrophobic Zn(bdc)(ted)0.5.
168 
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Figure 8.19 Selectivity of EtOH/H2O mixtures in ZIF-8, -90, -25, -71, -96 and 
-97 at 298 K. 
To quantify the separation efficacy of EtOH/H2O mixtures, adsorption 
selectivity is shown in Figure 8.19 for ZIF-8, -90, -25, -71, -96 and -97 at 298 
K. With increasing XE, the selectivities monotonically drop. Similar trend was 
found by Chance and co-workers, who experimentally measured the isotherms 
of pure EtOH and H2O then theoretically predicted EtOH/H2O selectivities in 
ZIF-8, -71, and -90 using the ideal-adsorbed solution theory.87 The magnitude 
of selectivities they predicted is close to the simulated values in this study. 
Normally, biofuel produced from biological feedstock contains dilute EtOH (< 
5%). Among the six ZIFs, the selectivity in a dilute mixture (e.g. XE = 5%) 
decreases following ZIF-8 > -71  -25  -90 > -97 > -96. The highest 
selectivity predicted in ZIF-8 is approximately 32 at 1% of EtOH in the feed 
solution. We infer that hydrophobic ZIFs (ZIF-8, -71 and -25) possess higher 
selectivity compared to hydrophilic counterparts (ZIF-90, -97 and -96). The 
reason is that the polar groups in ZIF-90, -97 and -96 promote H2O adsorption 
and reduce EtOH/H2O selectivity. In the hydrophobic ZIFs (ZIF-8, -71 and -
25), ZIF-8 exhibits the highest selectivity. This is because the sodalite cage in 
ZIF-8 is smaller than the -cage in ZIF-71 and ZIF-25, thus the separation 
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performance is enhanced in ZIF-8. Similar enhancement was observed in the 
separation of alkane mixtures, in which catenated MOFs with restricted pores 
exhibit higher selectivity.299 
 
Figure 8.20 Density contours of EtOH/H2O mixtures in ZIF-8 (top) and ZIF-
96 (bottom). The unit of density scale is the number of molecules per Å3. 
Figure 8.20 shows the density contours of EtOH/H2O mixtures in two 
ZIFs (ZIF-8 with the highest selectivity and ZIF-96 with the lowest 
selectivity). At a low composition (XE = 0.05), EtOH in ZIF-8 is densely 
populated near the C=C bond of imidazolate linker and –CH3 group, indicating 
the favourable interaction between EtOH and the linker in ZIF-8. Meanwhile, 
H2O is also strongly co-adsorbed. With increasing XE, the density of EtOH 
increases slightly whereas H2O adsorption drops. In ZIF-96, H2O dominates 
the adsorption at a low XE, with only a small amount of EtOH located in the 
cage centre. Even at XE = 0.9, the functional groups are primarily surrounded 
by H2O, while EtOH resides at the cage centre. This further confirms the low 
selectivity of EtOH over H2O in hydrophilic ZIF-96.  
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Figure 8.21 (a) Number of ZIF-adsorbate H-bonds, (b) Number of H-bonds 
per adsorbate molecule. 
It is also intriguing to examine H-bonding during the adsorption of 
EtOH/H2O mixtures. Figure 8.21 shows the number of H-bonds in ZIF-8 and 
ZIF-96. The number of H-bonds between ZIF-8 and adsorbate is zero over the 
whole range of XE. As discussed above, no H-bond is formed between ZIF-8 
and adsorbate. In hydrophilic ZIF-96, however, a larger number of H-bonds 
are formed with adsorbate, particularly H2O. It further reveals the polar 
functional groups in ZIF-96 interact more strongly with H2O compared to 
EtOH. Upon increasing XE, the number of ZIF-EtOH H-bonds slightly rises, 
whereas the number of ZIF-H2O H-bonds substantially drops. Furthermore, 
the number of H-bonds per molecule drops in both ZIFs with increasing XE. 
Interestingly, the number of H-bonds per molecule at XE = 0.9 in ZIF-96 is 
higher than that at XE = 0.05 in ZIF-8. This suggests that even at a very high 
XE, H2O is still more preferentially adsorbed in ZIF-96 than in ZIF-8. 
8.3 Summary 
Adsorption and purification of biofuel in six ZIFs (ZIF-8, -25, -71, -90, -96 
and -97) have been examined. With polar functional groups, ZIF-97, -96 and -
90 can form H-bonding with EtOH and H2O. The number of H-bonds 
increases with increasing amount of adsorbate. In contrast, the functional 
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groups in ZIF-8, -25 and -71 are non- or weakly polar, thus no H-bonding is 
formed. In low-pressure region, EtOH uptake decreases in the order of ZIF-97 > 
-96 > -90 > -71  -25 > -8. The isosteric heat of adsorption at infinite dilution 
follows the same order. As loading increases, Qst exhibits three trends at low 
and intermediate loadings: monotonic increase in ZIF-8 and ZIF-90, marginal 
increase in ZIF-25 and ZIF-71, and decrease in ZIF-96 and ZIF-97. However, 
Qst increases at high loadings in all the six ZIFs. Furthermore, EtOH 
adsorption in ZIF-8, -25 and -71 with symmetric groups is not discernibly 
affected by the inclusion of atomic charges; however, the effect is substantial 
in ZIF-90, -96 and -97 with asymmetric groups. Hydrophobic ZIF-8, -25, and -
71 exhibit negligible adsorption of H2O, but substantial adsorption is observed 
in hydrophilic ZIF-90, -96 and -97. For biofuel purification, the selectivity of 
EtOH over H2O drops as EtOH composition increases. This trend is consistent 
with theoretical prediction in the literature. Hydrophobic ZIF-8, -25 and -71 
have higher selectivity than hydrophilic ZIF-90, -96 and -97. At a dilute 
mixture (e.g. 5% of EtOH), the selectivity decreases in the order of ZIF-8 > -
71  -25  -90 > -97 > -96. ZIF-8 exhibits the highest selectivity and might be 
a potential candidate for biofuel purification. 
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 Biofuel Purification in GME Zeolitic–
Imidazolate Frameworks 
In this chapter, we further investigate the adsorption of ethanol/water in five 
ZIFs (ZIF-68, -69, -78, -79 and -81) for biofuel purification. While this and 
previous chapters are both focused on ZIFs, they differ largely in three aspects. 
Firstly, two different topologies (SOD and RHO) were considered in Chapter 
8 and they come into play together with functional groups. In contrast, the five 
ZIFs here possess isoreticular Gmelinite (GME) topology, thus we can 
unambiguously elucidate the effects of organic linkers without the complex 
influence of topology. Secondly, multiscale modeling from ab initio 
calculations to molecular simulations is adopted in this chapter to 
fundamentally understand the microscopic interactions between adsorbates 
and ZIFs. Thirdly, the mobility of adsorbates is also examined here in addition 
to equilibrium properties.  
In Section 9.1, the atomic models of ZIF-68, -69, -78, -79 and -81, as well 
as adsorbates are briefly described. The ab initio calculations and molecular 
simulations are outlined in Methods section, including Monte Carlo and 
molecular dynamics techniques. In Section 9.2, the adsorption isotherms, 
isosteric heats, radial distribution functions, density distributions, hydrogen-
bonds and mean-squared displacements of ethanol and water are presented; 
furthermore, the binding energies of ethanol and water with different organic 
linkers in the five ZIFs are examined. Then, the adsorption isotherms and 
selectivities of ethanol/water mixtures are reported. The concluding remarks 
are summarized in Section 9.3.  
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9.1 Models and Methods 
9.1.1 Atomic Models 
Figure 9.1 shows the atomic structures of ZIF-68, -69, -78, -79 and -81, all 
with the GME topology.57,61 Each tetrahedral ZnN4 cluster is connected to two 
2-nitroimidazole (nIm) and two substituted benzimidazole (bIm) linkers. The 
five ZIFs consist of different substituted bIm linkers, which are bIm, 5-
chlorobenzimidazole (cbIm), 5-nitrobenzimidazole (nbIM), 5-
methylbenzimidazole (mbIm), and 5-bromobenzimidazole (brbIm) in ZIF-68, 
-69, -78, -79 and -81, respectively. Therefore, ZIF-69, -78, -79 and -81 can be 
considered as the functionalized counterparts of parent ZIF-68. As illustrated 
in Figure 9.2, three types of cages exist in each ZIF, including small hpr, 
medium gme and large kno. Six –NO2 groups of nIm linkers point into the hpr 
cages, while the substituted bIm linkers reside inside the kno cages.  
 
Figure 9.1 Atomic structures of ZIF-68, -69, -78, -79 and -81. ZnN4: orange 
polyhedron, C: cyan, O: red, N: blue, Cl: green, Br: brown, H: white. 
 
Figure 9.2 hpr, gme and kno cages.  
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There are two types of one-dimensional interconnected pores in the GME–
ZIFs. The large pores comprise kno cages, while the small pores contain 
alternating gme and hpr cages. The large pores are nonpolar except ZIF-78, in 
which the –NO2 groups of nbIm linkers are inside the kno cages and thus its 
large pores are polar; however, the small pores are less nonpolar. In a unit cell, 
one large and two small pores are present. Figure 9.3 shows the pore 
morphologies and diameters in five ZIFs. The diameters of cage (dc) and 
aperture (da) were calculated from the HOLE program.
206 The accessible 
surface area, free volume and porosity in each ZIF were calculated by an in-
house code. Specifically, N2 with a kinetic diameter of 3.64 Å was used as a 
probe to estimate the accessible surface area Sa by rolling the probe over 
framework surface.204 The free volume Vf was estimated by randomly 
inserting He, a non-adsorbing species, into framework.205 The ratio of free 
volume over framework volume gave the porosity .  
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Figure 9.3 Pore morphologies and diameters in ZIF-68, -69, -78, -79 and -81. 
Table 9.1 summarizes the structural characteristics of ZIF-68, -69, -78, -79 
and -81. Due to the isoreticular topology, the five ZIFs have nearly identical 
dimensions (lattice constants). The estimated surface areas generally agree 
well with experimental data, particularly in ZIF-68 and -69. However, the 
values in ZIF-78, -79 and -81 are overestimated. The reason is that 
experimental samples might contain impurities, which would lead to smaller 
measured surface areas. Among the five ZIFs, ZIF-68 has the largest surface 
area, free volume and porosity. This is because these quantities are reduced 
upon substituting the bIm linker in ZIF-68 by bulkier linkers. Moreover, the 
pore diameters (both dc and da) in ZIF-68 are the largest compared with the 
other four ZIFs. The aperture diameter da in the five ZIFs ranges from 3.6 to 
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4.3 Å. In principle, a guest molecule with size larger than da cannot enter into 
the pores. Nevertheless, ZIF structures are not completely rigid, as their 
apertures can fluctuate and hence allow larger molecules to enter. Indeed, it 
was experimentally reported that ZIF-68 can accommodate C1-C6 alcohols, C6 
alkane isomers and aromatics with kinetic diameter substantially larger than its 
aperture size.300,301 Similarly, this phenomenon also occurs in other ZIFs. For 
example, CH4, C2H6, C3H8 and C4H10 with kinetic diameter up to 5.0 Å are 
able to adsorb and diffuse in ZIF-8 with aperture size of 3.4 Å.282,294 
Table 9.1 Structural characteristics of ZIF-68, -69, -78, -79 and -81. 
 ZIF-68 ZIF-69 ZIF-78 ZIF-79 ZIF-81 
Organic 
linker 
 
 
 
 
 
 
 
 
 
 
Dimension 
(Å) 
a = 26.6407 
b = 26.6407 
c = 18.4882 
a = 26.0840 
b = 26.0840 
c = 19.4082 
a = 26.1174 
b = 26.1174 
c = 19.4910 
a = 25.9263 
b = 25.9263 
c = 19.6532 
a = 25.9929 
b = 26.4422 
c = 18.9703 
 (g cm-3) 1.032 (1.047) 1.146 (1.295) 1.175 (1.198) 1.074 (1.075) 1.291 (1.302) 
Sa (m2 g-1) 1083.56 (1090) 950.38 (950) 790.01 (620) 880.88 (810) 875.48 (760) 
Vf (cm3 g-1) 0.458 0.387 0.360 0.375 0.339 
 0.473 0.444 0.423 0.403 0.438 
hpr  
da (Å) 4.3 3.7 3.6 3.7 3.6 
dc (Å) 4.6 4.0 4.0 4.1 4.0 
gme 
da (Å) 4.3 3.7 3.6 3.7 3.6 
dc (Å) 8.2 8.1 4.7 6.0 7.4 
kno 
da (Å) 8.0 (7.5) 5.8 (4.4) 4.5 (3.8) 5.6 (4.0) 4.7 (3.9) 
dc (Å) 10.8 (10.3) 8.6 (7.8) 8.8 (7.1) 8.9 (7.5) 7.5 (7.4) 
: density, Sa: surface area, Vf: free volume, : porosity. Experimental data57,61 are in 
parentheses. 
The nonbonded interactions of ZIF atoms were represented by LJ and 
Coulombic potentials. In the literature, the DREIDING283 and UFF212 are 
commonly used to mimic the LJ potential in MOFs. In this study, three 
different force fields including the DREIDING, UFF and AMBER284 were 
examined for ethanol and water adsorption in ZIF-68, and the one with the 
Chapter 9  
156 
 
best matching with experimental data was used for the other four ZIFs. Table 
9.2 lists the LJ parameters of ZIF atoms based on these three force fields.  
Table 9.2 Lennard-Jones parameters of ZIF atoms. 
Atom 
DREIDING UFF AMBER 
σ (Å) ε/kB (K) σ (Å) ε/kB (K) σ (Å) ε/kB (K) 
Zn 4.045 27.652 2.462 62.343 1.960 6.285 
N 3.263 38.914 3.260 34.690 3.250 85.470 
O 3.033 48.115 3.118 30.166 2.960 105.581 
C 3.473 47.813 3.431 52.790 3.399 43.238 
H 2.846 7.642 2.571 22.122 2.421 7.542 
Cl 3.519 142.434 
not used in this study  
Br 3.519 186.024 
 
The atomic charges of ZIFs were calculated by density functional theory 
(DFT) using GAUSSIAN 09.175 As demonstrated in Figure 9.4, a fragmental 
cluster was adopted in the DFT calculation. For the cleaved clusters with the 
terminations connected by Zn atoms, these locations were capped with lithium 
atoms to better minimize the effects of the capped atoms.93,302 The clusters 
used are quite large and the atomic charges estimated are indeed not sensitive 
to the type of capped atoms. The Becke exchange plus the Lee-Yang-Parr 
functional (B3LYP) was implemented, and the 6-31G(d) was used for all the 
atoms except Zn atoms for which the LANL2DZ basis set was used. By fitting 
to the electrostatic potentials using the CHELPG scheme, the atomic charges 
were estimated as listed in Table 9.3 (see Figure 9.5 for notations).   
Chapter 9  
157 
 
 
Figure 9.4 A fragmental cluster of ZIF-68 (terminated by Li atoms) in DFT 
calculation. Zn: orange, Li: purple, C: cyan, N: blue, O: red, H: white. 
 
Table 9.3 Atomic charges of ZIFs.  
 Charges (e) 
Atom ZIF-68 ZIF-69 ZIF-78 ZIF-79 ZIF-81 
Zn 0.749 0.810 0.854 0.787 0.765 
N1 0.734 0.456 0.522 0.418 0.537 
N2 –0.399 –0.508 –0.403 –0.381 –0.413 
N3 –0.110 –0.294 –0.361 –0.172 –0.234 
N4 - - 0.762 - - 
O1 –0.369 –0.320 –0.347 –0.377 –0.339 
O2 - - –0.483 - - 
C1 0.292 0.448 0.285 0.296 0.278 
C2 0.077 0.135 0.098 0.011 0.126 
C3 –0.169 0.161 0.263 0.003 0.172 
C4 0.099 0.175 0.230 0.139 0.110 
C5 –0.272 –0.290 –0.257 –0.249 –0.173 
C6 –0.045 –0.105 –0.134 –0.230 –0.123 
C7 - 0.332 0.038 0.211 0.220 
C8 - - - –0.100 - 
H1 0.044 0.022 0.048 0.081 –0.006 
H2 0.115 0.112 0.103 0.091 0.018 
H3 0.026 0.078 0.082 0.127 0.011 
H4 0.059 0.080 0.072 0.116 0.059 
H5 - - - 0.029 - 
Cl - –0.324 - - - 
Br - - - - –0.094 
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Figure 9.5 Building units in ZIF-68, -69, -78, -79 and -81: Zn + 2-
nitroimidazole (Zn + nIm), benzimidazole (bIm), 5-chlorobenzimidazole 
(cbIm), 5-nitrobenzimidazole (nbIm), 5-methylbenzimidazole (mbIm), and 5-
bromobenzimidazole (brbIm).   
Ethanol (EtOH) was represented by a united-atom model with each CHx as 
a single interaction site. The potential parameters were adopted from the 
transferable potentials for phase equilibria (TraPPE) force field, which was 
fitted to the critical properties and vapour-liquid equilibria of hydrocarbons.285 
The bond lengths were fixed, while the bending potential was described by 
equation 8.1. In addition, the torsional potential was described by equation 8.2. 
Water (H2O) was mimicked by the three-point transferable interaction 
potential model (TIP3P),218 which gives reasonably good interaction energy 
compared with experimental value. Table 9.4 gives the potential parameters of 
EtOH and H2O. The cross interaction parameters between ZIFs and adsorbates 
were estimated by the Lorentz-Berthelot combining rules. 
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Table 9.4 Potential parameters of EtOH and H2O. 
 Non-bonded Bond length  Bond bending 
Site σ (Å) ε/kB (K) charge (e) 
EtOH 
CH3 3.75 98 0 rCH3-CH2 = 1.54 Å 
rCH2-O = 1.43 Å 
rO-H = 0.945 Å 
θ0CH3-CH2-O = 109.47 
kθ /kB = 50400 K 
θ0CH2-O-H = 108.5 
kθ /kB = 55400 K 
 
CH2 3.95 46 0.265 
O 3.02 93 0.700 
H 0 0 0.435 
H2O 
O 3.15 76.42 0.834 rO-H = 0.96 Å θ0H-O-H = 104.52 
H 0 0 0.417 
 
9.1.2 Methods 
9.1.2.1 Ab Initio Calculations 
The five GME–ZIFs share the same nIm linker but differ in the substituted 
bIm linkers. To quantify the role of the substituted bIm linkers, their binding 
energies with a single EtOH or H2O molecule were calculated by ab initio 
method using GAUSSIAN 09.175 Specifically, the second Møller−Plesset 
(MP2) perturbation method was adopted. First, the structures of a substituted 
bIm linker, an adsorbate molecule, and their complex were optimized 
separately at 6-31G basis set. Then, the single-point energies were calculated 
at a larger basis set of aug-cc-PVDZ. Finally, the binding energies were 
calculated by equation 3.6. The basis set superposition errors were corrected 
by the counterpoise method.179  
9.1.2.2 Molecular Simulations 
The adsorption of pure EtOH and H2O as well as their mixtures in ZIF-68, 
-69, -78, -79 and -81 was simulated by GCMC method.181 The bulk phase was 
considered as a vapour for pure components, but a liquid for EtOH/H2O 
mixtures to mimic biofuel. In EtOH/H2O liquid mixtures, the fugacity of 
component i was estimated by equation 8.3. In each ZIF, the simulation box 
contained 12 (2 × 2 × 3) unit cells and the periodic boundary conditions were 
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exerted in three dimensions. It has been demonstrated that structural flexibility 
has a negligible effect on alcohol adsorption in ZIFs,171,295 thus the ZIF 
structures were assumed to be rigid. A spherical cut-off of 15 Å was used to 
evaluate the LJ interactions with long-range corrections added. For the 
Coulombic interactions, the Ewald sum with a tin-foil boundary condition was 
used. The real/reciprocal space partition parameter and the cut-off for 
reciprocal lattice vectors were 0.2 Å-1 and 8, respectively, to ensure the 
convergence. Five types of trial moves were randomly attempted in the 
GCMC simulations, namely displacement, rotation, partial regrowth at a 
neighbouring position, complete regrowth at a new position, and swap 
between reservoir including creation and deletion with equal probability. The 
total number of trial moves in a typical simulation was 4  107, in which the 
first half were used for equilibration and the second half for ensemble 
averages. In the MC simulations of associating fluids such as EtOH and H2O, 
it is important to improve sampling efficiency by unconventional method.303 
Here, the configurational-bias MC technique was adopted, in which adsorbate 
molecules were grown atom-by-atom biasing toward energetically favourable 
configurations while avoiding overlap with other atoms.181 For pure EtOH or 
H2O, fifteen and ten trial positions were generated for the first and subsequent 
atoms, respectively, with a probability proportional to 
in tra
e x p ( )
i
U , where 
1 /
B
k T   and 
in tra
i
U  is the intramolecular interaction energy at a position i. 
Then, one of the trial positions was chosen with a probability proportional to 
   in te r in te re x p / e x p 
i i
i
U U  , where in te r
i
U  is the intermolecular 
interaction energy. For EtOH/H2O mixtures, twenty and fifteen trial positions 
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were generated for the first and subsequent atoms, respectively. A modified 
version of BIGMAC188 code was used for the GCMC simulations.  
To estimate the mobility and hydrogen-bonds (H-bonds) of adsorbates in 
the ZIFs, molecular dynamics (MD) simulations were conducted using 
GROMACS v.4.5.189 The mobility was quantified by mean-squared 
displacement (MSD). An H-bond was counted if the donor and acceptor 
distance < 3.5 Å and the acceptor – donor – hydrogen angle < 30. The initial 
configurations for MD simulations were taken from the final ones of the above 
GCMC simulations. Temperature was maintained by the Nosé-Hoover method 
with a relaxation time of 0.1 ps. The LJ interactions were evaluated with a cut-
off of 12 Å, while the Coulombic interactions were calculated by the particle-
mesh-Ewald technique with a grid spacing of 0.12 and a fourth-order 
interpolation. A linear constraint solver was used to constrain the bond lengths 
of EtOH and H2O molecules. Each MD simulation duration was 12 ns, 
wherein the first 2 ns for equilibration and subsequent 10 ns for production. 
The potential and kinetic energies were monitored to ensure equilibration.  
9.2 Results and Discussion 
First, the adsorption properties of pure EtOH and H2O in ZIF-68, -69, -78, 
-79 and -81 are presented including isotherms, isosteric heats, density 
distributions, radial distribution functions, hydrogen-bonds and mean-squared 
displacements, as well as the binding energies with different organic linkers. 
From these analyses, the effects of organic linkers are quantitatively evaluated. 
Then, the adsorptive separation of EtOH/H2O mixtures is examined and the 
highest selectivity among the five ZIFs is identified.  
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9.2.1 Pure EtOH 
Figure 9.6 shows the adsorption isotherms of EtOH in ZIF-68 at 323 K. 
The saturation pressure Psat at 323 K is approximately 29.3 kPa.
287 In general, 
the predictions by the UFF, DREIDING and AMBER match fairly well with 
the available experimental data.300 While the measured values at low pressures 
are overestimated by the three force fields, the DREIDING gives the best 
matching, especially at low pressure regime. At high pressures, the saturation 
capacity is slightly underestimated. These deviations might be due to two 
plausible factors: a) the presence of structural defects or inter-crystalline pores 
in experimental samples, thus the measured extent of adsorption is smaller at 
low pressures but greater at high pressures compared with a perfect crystal as 
used in the simulation; b) the three force fields are general for a wide range of 
systems but not specific for the ZIFs considered here, thus a more accurate 
force field is desirable. Along with Chapter 7 for the adsorption of C1-C4 
alcohols in ZIF-8,295 the DREIDING appears to outperform over the UFF and 
AMBER for alcohol adsorption in ZIFs. Consequently, the DREIDING was 
further used for the simulations in the other four ZIFs (ZIF-69, -78, -79 and -
81).  
 
Figure 9.6 Adsorption isotherms of EtOH in ZIF-68 at 323 K. 
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The simulated adsorption isotherms of EtOH in ZIF-68, -69, -78, -79 and -
81 at 298 K are shown in Figure 9.7a. Over the entire pressure range, the 
isotherms belong to type I. Nevertheless, it should be noted that the 
experimental isotherm of EtOH in ZIF-68 appears to be sigmoidal.300 Due to 
the plausible factors discussed above, the sigmoidal behaviour is not observed 
in simulation. All the five ZIFs possess favourable interactions with EtOH. At 
a low pressure, the uptake reflects the interaction strength of adsorbate-
adsorbent. The uptake at 10 kPa decreases as ZIF-78 > -79 > -69 > -81 ≈ -
68, indicating the EtOH-ZIF interaction is enhanced by functionalizing the 
bIm linker in ZIF-68. Particularly, the –NO2 groups of nbIm linkers act as H-
bonding sites and the greatest enhancement is seen in ZIF-78. This is 
consistent with a recent experimental study, which suggested that a large 
number of –NO2 groups available in ZIF-78 could form H-bonds with 
cyclohexanol.304 In ZIF-79, -69 and -81, although the –CH3, –Cl and –Br 
groups do not possess H-bonding capability, they offer additional adsorption 
sites and hence also enhance EtOH adsorption. At a high pressure (e.g. 8 kPa), 
the uptake decreases as ZIF-78 > -68 > -69 ~ -81 > -79, suggesting that the 
uptake near saturation is largely governed by free volume (or porosity). 
Specifically, the porosity in ZIF-68, -69, -81 and -79 is reduced from 0.473 
from 0.403, following the trend of saturation uptake. The exception is ZIF-78 
with a porosity of 0.423, smaller than that in ZIF-68, -69 and -81; however, 
the saturation uptake in ZIF-78 is the highest among the five ZIFs. This 
implies that H-bonding also comes into play with porosity, particularly in ZIF-
78, to determine the saturation uptake.  
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Figure 9.7 (a) Adsorption isotherms (b) isosteric heats of EtOH in ZIF-68, -69, 
-78, -79 and -81 at 298 K. The dotted line indicates the heat of vaporization 
42.3 kJ/mol.305 
To quantify adsorption energy, the isosteric heats of adsorption Qst were 
calculated. As shown in Figure 9.7b, Qst at a low loading follows ZIF-78 > -
79 > -69 > -81 ≈ -68, which is consistent with the trend of uptake at a low 
pressure. With increasing EtOH loading, Qst initially decreases, particularly in 
ZIF-78 and -79, then remains as constant and finally slightly increases. The 
initial decrease is attributed to reduced number of favourable adsorption sites 
as loading increases. At an intermediate loading, EtOH molecules are 
dispersed in the pores thus nearly constant Qst is observed. Nevertheless, 
EtOH molecules are closely packed at a high loading thus the cooperative 
interactions are strong, leading to an increase in Qst. Over the entire pressure 
range, the Qst is higher than the heat of vaporization because of the favourable 
framework-EtOH interaction, particularly in ZIF-78. Interestingly, the 
behaviour of Qst in the five GME–ZIFs at a low loading is remarkably 
different from that in ZIF-8 (see Chapter 8). Specifically, the Qst of EtOH in 
ZIF-8 sharply increases at a low loading.306 This is because no H-bonds are 
formed between EtOH and ZIF-8, but they start to form between EtOH 
molecules upon adsorption. In contrast, the –NO2 groups of nIm linkers can 
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act as acceptors for H-bonding, thus H-bonds can be formed between EtOH 
and each of the five GME–ZIFs.  
 
Figure 9.8 Binding energies between EtOH and substituted bIm linkers, and 
isosteric heats at infinite dilution of EtOH in ZIF-68, -69, -78, -79 and -81. 
The  indicates experimental result.301 
Figure 9.8 shows the binding energies Ebinding between EtOH and 
substituted bIm linkers estimated from ab initio calculations, the 
corresponding optimized structures are illustrated in Figure 9.9. Also shown 
are the isosteric heats at infinite dilution o
s t
Q . Note that o
s t
Q  were estimated by 
MC simulations for a single adsorbate molecule in a canonical ensemble.295 
The predicted o
s t
Q  in ZIF-68 is 59.8 kJ/mol, close to the experimental result 
(54.4 kJ/mol).301 The Ebinding ranges from 10 to 20 kJ/mol, much lower than 
o
s t
Q . The reason is that only a single substituted bIm linker was used in ab 
initio calculations to estimate Ebinding, while 
o
s t
Q  was predicted in a crystalline 
environment with multiple linkers. Therefore, the values of Ebinding and 
o
s t
Q  
should not be directly compared. More importantly, it is observed that Ebinding 
decreases as ZIF-78 > -69 > -81 > -79 > -68, largely following the trend of 
o
s t
Q  (ZIF-78 > -79 > -69 > -81 ~ -68). Among the five ZIFs, ZIF-78 has the 
greatest Ebinding and 
o
s t
Q , and vice versa for ZIF-68. The one out of the trend is 
Chapter 9  
166 
 
ZIF-79, which has the 4th lowest Ebinding but the 2
nd greatest o
s t
Q . As we shall 
see below, EtOH molecules in ZIF-79 at a low loading reside solely in the 
small pores and do not interact with the mbIm linkers. This is due to the steric 
hindrance of bulky –CH3 groups, but such effect was not taken into account in 
ab initio calculations. Consequently, it should be cautious that the binding 
energy between adsorbate and a building block may not necessarily reflect the 
actual interaction in a crystalline structure.  
 
 
 
Figure 9.9 Optimized structures and binding energies between EtOH and 
substituted bIm linkers. 
It is of central importance to elucidate the locations of adsorbed EtOH. 
Figure 9.10 shows the simulated density contours of EtOH in ZIF-68, -69, -78, 
-79 and -81. At a low pressure (0.1 kPa), the small pores in all the five ZIFs 
are occupied by EtOH molecules; meanwhile, the six corners of large pores in 
ZIF-68, -69, -78 and -81 are also occupied. In remarkable contrast, however, 
the large pores in ZIF-79 are not accessible. The reason is that the mbIm 
linkers in ZIF-79 point toward the large pores and the bulk –CH3 groups exert 
a steric hindrance, as mentioned above. The density in the large pores of ZIF-
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69, -78 and -81 is higher than that of ZIF-68, because the substituted bIm 
linkers enhance adsorption. That is, the functional groups in ZIF-69, -78 and -
81 act as extra adsorption sites. Particularly, the –NO2 groups of nbIm linkers 
in ZIF-78 can form H-bonds with EtOH and lead to the greatest enhancement, 
as also seen in Figure 9.7 and Figure 9.8. At a high pressure (8 kPa), pore 
filling occurs in the large pores of all the five ZIFs. The centre of large pores 
exhibits higher density except ZIF-78, in which the six corners proximal to –
NO2 groups are more densely occupied because of strong H-bonding.  
To further quantitatively characterize adsorption sites, radial distribution 
functions of EtOH around the framework atoms were calculated. Figure 9.11 
shows the g(r) of EtOH around several typical ZIF atoms at 0.1 Pa. In all the 
five ZIFs, a pronounced peak at approximately 4 Å is observed around the C2 
atoms of nIm linkers (see Figure 9.5 for notations), particularly in ZIF-68 and 
-79. This indicates the C=C bonds of nIm linkers are favourable for adsorption. 
In ZIF-79, the peak around the N1 atoms is also pronounced because of the 
exclusive location of EtOH in the small pores; as shown in Figure 9.10, the 
large pores are not accessible at a low pressure due to the steric hindrance of –
CH3 groups. Indeed, the peaks around the C2 and N1 atoms in ZIF-79 are 
higher than in the other four ZIFs. In ZIF-69 and -81, the bIm linkers are 
functionalized by –Cl and –Br as extra adsorption sites, and thus peaks are 
seen at 4 Å around the Cl and Br atoms. In ZIF-78, a sharp peak is observed at 
3 Å around the O atoms (–NO2 groups) of nbIm linkers due to strong H-
bonding. In all the five ZIFs, the g(r) around the Zn atoms exhibit peaks at a 
long distance (5.5 Å), thus the Zn atoms are less favourable. 
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Figure 9.10 Density contours of EtOH 0.1 kPa and 8 kPa in ZIF-68, -69, -78, -
79 and -81. The unit of density scale is the number of molecules per Å3. 
 
 
Figure 9.11 Radial distribution functions of EtOH around the framework 
atoms of ZIF-68, -69, -78, -79 and -81 at 298 K and 0.1 Pa. 
H-bonding has a significant effect on EtOH adsorption in the GME–ZIFs. 
As shown in Figure 9.12a, the number of H-bonds formed between ZIF and 
EtOH increases with loading. Among the five ZIFs, the number decreases as 
ZIF-78 > -79 > -69 > -81 > -68, following the trend in Figure 9.7 at a low 
loading. In ZIF-78, the number is substantially greater than in the other four 
ZIFs. This is because the majority of EtOH molecules are located in the large 
pores rich with –NO2 groups, thus a large number of H-bonds are formed. 
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Nevertheless, –CH3, –Cl and –Br in ZIF-79, -69 and -81 have no capability of 
H-bonding. Thus, only a small number of H-bonds are formed with –NO2 
groups of nIm linkers in the small pores. This is also true in ZIF-68 with 
negligible amount of H-bonds, confirming ZIF-68 has the weakest affinity for 
EtOH among the five ZIFs. As shown in Figure 9.12b, the total number of H-
bonds in each ZIF increases with loading. Unlike Figure 9.12a, however, the 
total number does not differ significantly among the five ZIFs, and it is indeed 
nearly identical in ZIF-78 and -79. The reason is that more H-bonds are 
formed between EtOH molecules compared with ZIF-EtOH. 
 
Figure 9.12 (a) Number of H-bonds formed between ZIF and EtOH (b) total 
number of H-bonds at 298 K. The number of EtOH is based on 12 unit cells 
(the whole simulation box). 
It is instructive to examine the mobility of EtOH adsorbed in the ZIFs. To 
do so, mean-squared displacements (MSDs) were calculated 
                 
2
1
1
M S D ( ) ( ) ( )
K N
i k i k
k i
t t t t
K N 
    r r                            (9.1) 
where t is the time, N is the number of adsorbate molecules, and ri(t) is the 
position of ith molecule at time t. The multiple time-origin method was used to 
evaluate MSD and K is the number of time origins. As shown in Figure 9.13, 
the MSD at a loading of 450 EtOH molecules in a simulation box with 12 unit 
cells (i.e. near saturation) increases as ZIF-79 < -78 < -81 < -69 < -68. In 
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principle, a stronger ZIF-EtOH interaction would lead to lower mobility. 
Nevertheless, the hierarchy of MSD appears not to entirely follow the reverse 
trend of ZIF-EtOH interaction (ZIF-78 > -79 > -69 > -81 > -68, Figure 9.7 and 
Figure 9.8). Near saturation condition here, it follows more closely the trend 
of porosity (ZIF-79 < -78 < -81 < -69 < -68). From a geometric point of view, 
EtOH in ZIF-68 has the highest MSD because of the largest porosity (free 
volume), while EtOH in ZIF-79 exhibiting the lowest MSD is attributed to the 
steric hindrance of bulky –CH3 groups.   
 
Figure 9.13 Mean-squared displacements of EtOH in ZIFs at 298 K. 
9.2.2 Pure H2O 
Figure 9.14 shows the adsorption isotherms of H2O in ZIF-68 at 303 K. 
The saturation pressure Psat at 303 K is about 4.2 kPa.
287 The uptakes predicted 
by the UFF, DREIDING and AMBER force fields are close to one another, 
and in good agreement with experimental data300 at low pressure range (P/Psat 
< 0.2). Moreover, the DREIDING appears to be slightly better compared with 
the UFF and AMBER. At P/Psat  0.3, capillary condensation is predicted by 
the three force fields, though not observed by experiment. From the trend of 
measured data, however, capillary condensation might be experimentally 
observable at high P/Psat. Furthermore, it is worthwhile to note that H2O is a 
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highly polar molecule and the accuracy to simulate H2O adsorption in MOFs 
strongly depends on the model of H2O and the atomic charges of 
frameworks.307-309 Therefore, more thorough modeling should be conducted 
for H2O adsorption in MOFs.  
 
Figure 9.14 Adsorption isotherms of H2O in ZIF-68 at 303 K. 
The simulated adsorption isotherms of H2O in ZIF-68, -69, -78, -79 and -81 
at 298 K are plotted in Figure 9.15a. From the linear plot in Figure 9.16, the 
isotherm is type I in ZIF-78 and type V in the other four ZIFs. On this basis, 
ZIF-78 can be classified as hydrophilic, and the other four tend to be 
hydrophobic. At a low pressure (e.g. 0.01 kPa), the uptake decreases in the 
order of ZIF-78 > -69 > -79 > -81 > -68. Apparently, the uptake in ZIF-78 is 
the highest as a result of H-bonding between H2O and –NO2 groups of nbIm 
linkers. Despite incapability of H-bonding, –Cl, –Br and –CH3 in ZIF-69, -81 
and -79 act as additional adsorption sites, thus the uptake in ZIF-69, -81 and -
79 is higher than that in ZIF-68. At a high pressure (e.g. 8 kPa), the uptake 
follows ZIF-68 > -78 > -69 > -81 > -79. Similar to EtOH, the saturation 
capacity of H2O is not simply dependent on free volume, instead, also 
governed by H-bonding. Despite the 2nd smallest porosity, ZIF-78 contains –
NO2 groups of nbIm linkers and can strongly interact with H2O via H-bonding, 
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thus exhibit the 2nd highest uptake. Moreover, at an intermediate pressure (e.g. 
4 kPa), the uptake in ZIF-79 is substantially lower than in the other four ZIFs, 
and the underlying reason for this behaviour will be discussed below when we 
visualize the density distributions of adsorbed H2O molecules.  
 
Figure 9.15 (a) Adsorption isotherms (b) isosteric heats of H2O in ZIF-68, -69, 
-78, -79 and -81 at 298 K. The dotted line indicates the heat of vaporization 
44.0 kJ/mol.287  
 
Figure 9.16 Adsorption isotherms of H2O in ZIF-68, -69, -78, -79 and -81 at 
298 K. The dotted line indicates the saturation pressure (3.1 kPa) of H2O. 
The isosteric heats Qst of H2O adsorption are plotted in Figure 9.15b. At a 
low loading, the Qst decreases as ZIF-78 > -79 > -69 > -81 > -68, largely 
follows the trend of isotherm at a low pressure. With increasing loading, the 
Qst decreases sharply in ZIF-78 because the preferential –NO2 sites of nbIm 
linkers tend to be fully covered by H2O and subsequent H2O will interact with 
relatively weaker sites. For the same reason, the Qst in ZIF-79 and -69 also 
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decreases with loading, though in a smaller degree. On the contrary, the Qst in 
ZIF-81 and -68 slightly increases as loading rises. This is because H-bonds are 
gradually formed among adsorbed H2O molecules, while the interaction of 
H2O with ZIF-68 and -81 is weak.  
 
Figure 9.17 Binding energies between H2O and bIm linkers, and isosteric 
heats at infinite dilution of H2O in ZIF-68, -69, -78, -79 and -81. The  
indicates extrapolated experimental result.301 
Figure 9.17 shows the binding energies Ebinding between H2O and 
substituted bIm linkers and the optimized structures are in Figure 9.18. The 
Ebinding is in the range of  kJ/mol and the magnitude is smaller 
compared with the Ebinding for EtOH (see Figure 9.8). The reason is that EtOH 
is bigger in size and contains more atoms than H2O, thus has a stronger 
interaction with the linker. Among the five linkers, the Ebinding decreases in the 
order of ZIF-78 > -79 > -69 > -81 > -68. The isosteric heats at infinite dilution 
o
s t
Q  are also shown in Figure 9.17. The predicted o
s t
Q  in ZIF-68 is about 35.5 
kJ/mol, matching well with the experimental result extrapolated to zero 
loading (34.5 kJ/mol).301 In the five ZIFs, o
s t
Q  decreases as ZIF-78 > -79 > -
69 > -81 > -68, following the trend of Ebinding. The nbIm linkers in ZIF-78 
exhibits the greatest Ebinding due to H-bonding between –NO2 group and H2O, 
leading to the greatest o
s t
Q . Compared with parent ZIF-68, the Ebinding and 
o
s t
Q  
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in ZIF-79, -69 and -81 are greater. As discussed earlier, the functional groups 
enhance ZIF-H2O interaction and promote adsorption at a low loading.  
 
 
Figure 9.18 Optimized structures and binding energies between H2O and 
substituted bIm linkers. 
To elucidate why H2O uptake in ZIF-79 at an intermediate pressure is 
much lower than in ZIF-68, -69, -78 and -81, Figure 9.19 illustrates the 
density distributions in ZIF-79 at 0.001, 4 and 8 kPa. Over a wide range of 
pressure from 0.001 to 4 kPa, H2O molecules are almost exclusively adsorbed 
in the small pores and no discernible adsorption is observed in the large pores. 
This is remarkably different from H2O adsorption in the other four ZIFs, 
where the large pores are already filled at an intermediate pressure (e.g. 4 kPa). 
The reason is because the bulky hydrophobic –CH3 groups in ZIF-79 exert a 
steric hindrance and impede polar H2O entering the large pores. Only at a high 
pressure (e.g. 8 kPa), ZIF-79 is able to accommodate H2O in the large pores 
and exhibits comparable uptake with the other four ZIFs. From this analysis, 
we can infer that it is of central importance to unambiguously understand 
adsorption behaviour by visualizing simulation snapshots. 
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Figure 9.19 Density contours of H2O in ZIF-79. The unit of density scale is 
the number of molecules per Å3. 
9.2.3 EtOH/H2O Mixtures 
Biofuel is mimicked by EtOH/H2O liquid mixtures. Figure 9.20 plots the 
simulated adsorption isotherms in ZIF-68, -69, -78, -79 and -81 at 298 K. The 
general trend in the five ZIFs is similar. When the composition of EtOH in 
bulk phase XEtOH is very low, H2O is more dominantly adsorbed than EtOH. 
Upon increasing XEtOH, EtOH uptake increases gradually, while H2O uptake 
decreases sharply.  
 
 
Figure 9.20 Adsorption isotherms of EtOH/H2O mixtures at 298 K. 
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The separation performance is quantified by selectivity of EtOH over H2O 
in the five ZIFs plotted in Figure 9.21. With increasing XEtOH, the selectivity 
in each ZIF drops. At a given XEtOH, the selectivity decreases as ZIF-79 > -81 > 
-69 > -68 > -78. ZIF-79 has the highest selectivity, as discussed above, the 
hydrophobic –CH3 groups impede H2O adsorption to the greatest extent 
compared with the other four ZIFs. Similar but smaller effect is seen in ZIF-81 
and -69 consisting of –Br and –Cl groups. On the other hand, ZIF-78 exhibits 
the lowest selectivity due to its hydrophilic nature and is the most favourable 
one for H2O adsorption among the five ZIFs. Biofuel produced via 
fermentation usually contains a low concentration of EtOH (XEtOH = 0.01 ~ 
0.05). At XEtOH = 0.01, the highest selectivity is approximately 86 in ZIF-79, 
which might be a promising candidate for biofuel purification.  
 
Figure 9.21 Adsorption selectivities of EtOH/H2O mixtures at 298 K. 
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Figure 9.22 Density contours of EtOH/H2O mixtures in ZIF-79 at 298 K. The 
unit of density scale is the number of molecules per Å3. 
As ZIF-79 exhibits the best separation performance among the five ZIFs, 
the density distributions of EtOH and H2O in ZIF-79 are plotted in Figure 
9.22. At XEtOH = 0.05, EtOH is adsorbed in the small pores and the six corners 
of the large pores (near –CH3 groups). Although pure H2O only resides in the 
small pores at low and intermediate pressure (Figure 9.19), H2O is able to 
enter the centre of the large pores in the presence of EtOH. The reason is that 
EtOH existing in the large pores can act as seeds and promote H2O adsorption. 
This cooperative phenomenon was also observed previously in the adsorption 
of EtOH/H2O mixtures in other ZIFs
306 and Zn(bdc)(ted)0.5.
168 At XEtOH = 0.5, 
EtOH is more populated in both the small and large pores, and H2O in the 
centre of the large pores is partially replaced by EtOH. The replacement of 
H2O by EtOH is almost complete at XEtOH = 0.9 as a consequence of 
competitive adsorption. 
9.3 Summary 
Adsorption of ethanol/water in ZIF-68, -69, -78, -79 and -81 has been 
investigated by integrating ab initio calculations and molecular simulations. 
While the adsorption isotherms predicted by the three force fields (UFF, 
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DREIDING and AMBER) match reasonably well with experimentally 
measured data, the DREIDING appears to outperform over the UFF and 
AMBER. For ethanol, the isotherms are type I in the five ZIFs; for water, they 
are type I in ZIF-78 and type V in ZIF-68, -69, -79 and -81. This suggests the 
favourable interaction for ethanol in the five ZIFs, and ZIF-78 tends to be 
more hydrophilic than the other four ZIFs. At a low pressure, adsorption is 
observed to be mainly in the small pores and the six corners of the large pores. 
The uptakes of ethanol and water decrease as ZIF-78 > -79 > -69 > -81 > -68 
and ZIF-78 > -69 > -79 > -81 > -68, respectively. It is obvious that the 
adsorbate-ZIF interaction is enhanced by the functionalization of bIm linkers 
in ZIF-68. Particularly, the large number of –NO2 groups from nbIm linkers in 
ZIF-78 can form strong hydrogen-bonding with ethanol or water, and thus the 
largest enhancement is observed in ZIF-78. The isosteric heats at infinite 
dilution closely follow the trend of uptakes, and are consistent with the 
binding energies between adsorbates and substituted bIm linkers. At a high 
pressure, pore-filling occurs in the large pores; thus the uptakes are primarily 
proportional to free volume, though also affected by H-bonding particularly in 
ZIF-78. The mobility of adsorbate near saturation condition follows the 
hierarchy of free volume. In ZIF-68 with the largest free volume, the mobility 
is the highest; and vice versa in ZIF-79. For ethanol/water mixtures mimicking 
biofuel, the selectivities in the five ZIFs decrease with increasing composition 
of ethanol. Due to its hydrophilic feature, ZIF-78 has the lowest selectivity. In 
contrast, ZIF-79 is the most hydrophobic among the five ZIFs and exhibits the 
highest selectivity, around 86 at the ethanol composition of 1%. This suggests 
that ZIF-79 might be interesting for ethanol/water separation. These bottom-up 
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insights are useful for the further development of new ZIFs and other 
nanoporous materials for high-performance biofuel purification. 
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 Conclusions and Future Work 
10.1 Conclusions 
This thesis aims to provide molecular insights and rationally design 
functionalized MOFs for CO2 capture (Chapters 4-6) and biofuel purification 
(Chapters 7-9). The main conclusions of the thesis are summarized below.  
In Chapter 4, CO2 capture is examined in MIL-101 functionalized by a 
series of groups (-NH2, -CH3, -Cl, -NO2 and -CN) through synergizing ab 
initio calculations, molecular simulations and breakthrough predictions. Both 
CO2 uptake and isosteric heat increase in the order of MIL-101 < MIL-101-
CN < MIL-101-NO2 < MIL-101-Cl < MIL-101-CH3 < MIL-101-NH2 in low-
pressure regime, which follows the strength of binding energies between CO2 
and functional groups. In terms of CO2/N2 separation, the CO2/N2 selectivity is 
enhanced by functionalization following the order of MIL-101 < MIL-101-CN 
< MIL-101-CH3 < MIL-101-NO2 < MIL-101-Cl < MIL-101-NH2. The 
predicted breakthrough time is extended by functionalization and the longest 
breakthrough time in MIL-101-NH2 is 2 times in the parent MIL-101. 
Furthermore, the working capacity of CO2 increases by approximately 40%. 
This multi-scale modeling study suggests that CO2 capture in MIL-101 can be 
considerably improved by functionalization, especially when the polar 
functional groups are introduced. 
In Chapter 5, CO2 capture is further investigated in seven MOFs with 
identical rht topology (Cu-TDPAT, PCN-61, -66, -68, NOTT-112, NU-111 
and NU-110). The predicted adsorption isotherms of pure gases (CO2, N2, H2 
and CH4) agree well with experimental data. With increasing ligand size, 
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adsorption capacity drops at a low pressure, but increases near saturation 
condition. Cu-TDPAT exhibits the highest adsorption capacity and separation 
performance among the seven rht-MOFs, as attributed to small ligands, 
unsaturated metals and amine groups. A new structure Cu-TDPAT-N is 
proposed by substituting the phenyl rings in Cu-TDPAT by pyridine rings. 
The Cu-TDPAT-N possesses higher capacity, isosteric heat and selectivity 
than Cu-TDPAT. For CO2-containing mixtures (CO2/N2, CO2/H2 and 
CO2/CH4), the breakthrough times of CO2 in Cu-TDPAT-N are extended by 
two-fold compared with those in Cu-TDPAT. This study provides microscopic 
insights into gas adsorption and separation in rht-MOFs, establishes 
quantitative relationships, and suggests that N-substitution is effective to 
enhance CO2 capture performance. 
In order to further reveal structure-performance relationships and their 
effects on CO2/N2 and CO2/CH4 separations, MOFs are computationally 
designed in Chapter 6 by assembling Zr cluster and tetrazolate linkers. The Zr-
tetrazolate MOFs exhibit higher CO2 adsorption than their carboxylate 
counterparts. Through extensive correlations among various structural 
properties and separation performance parameters, similar design guidelines 
are proposed for both CO2/N2 and CO2/CH4 separations as the selective 
principles are similar. The highest selectivities for both separations can be 
achieved when the MOFs possess small surface area, void fraction and cage 
diameter, and moderately high Qst
0. However, care should also be taken to 
choose appropriate candidates for practical applications, because CO2 working 
capacity and adsorbent regenerability might be compromised.  
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After Chapter 6, the focus of the thesis is shifted to biofuel purification. 
Chapter 7 describes the adsorption of C1  C4 alcohols in ZIF-8. The effects 
of force fields, atomic charges and framework flexibility are systematically 
examined. Among three force fields (UFF, AMBER and DREIDING), the 
DREIDING agrees the best with experimental data. The atomic charges and 
framework flexibility have negligible effects on adsorption. The four alcohols 
exhibit S-shaped isotherms without hysteresis loop, as attributed to adsorption 
at different preferential sites. Cluster formation is observed near the organic 
linker (2-methylimidazolate) in ZIF-8 at a low pressure; with increasing 
pressure, cage-filling subsequently occurs in the large sodalite cage. The 
interaction between alcohol and ZIF-8 framework is enhanced as the chain 
length of alcohol increases, thus the isosteric heat rises with chain length.   
In Chapter 8, biofuel purification in six ZIFs (ZIF-8, -25, -71, -90, -96 and 
-97) with different functional groups is investigated. The predicted adsorption 
isotherms agree fairly well with experimental data for both ethanol and water. 
Hydrogen bonding is found to have a significant effect on adsorption. In 
hydrophilic ZIFs (ZIF-90, -96 and -97) with polar groups, adsorption 
capacities of ethanol and water are higher than in hydrophobic counterparts 
(ZIF-8, -25 and -71). The atomic charges are found to have indiscernible effect 
on adsorption in symmetrically functionalized ZIF-8, -25, and -71, in 
remarkable contrast to asymmetrically functionalized ZIF-90, -96 and -97. For 
ethanol/water mixtures representing biofuel, the selectivity of ethanol/water 
drops with increasing ethanol composition in mixtures. It is revealed that the 
selectivity is determined primarily by framework hydrophobicity as well as 
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cage size. Among the six ZIFs, ZIF-8 is the most hydrophobic and with the 
smallest cage size, thus exhibits the highest selectivity.  
To eliminate the effects of different topologies in Chapter 8, biofuel 
purification is further investigated in five ZIFs with isoreticular GME 
topology. The simulated adsorption isotherms of ethanol and water in ZIF-68 
agree fairly well with experimental data. At a low pressure, ZIF-78 exhibits 
the highest uptake among five ZIFs because of strong hydrogen-bonding 
between –NO2 groups and adsorbates. The isosteric heats at infinite dilution 
largely follow the binding energies estimated from ab initio calculations. At a 
high pressure, ZIF-68 exhibits the highest uptake due to its largest free volume. 
ZIF-79 with hydrophobic –CH3 groups shows the highest adsorptive 
selectivity for ethanol/water mixtures. This study further confirms that the 
hydrophobicity of ZIFs is the key factor governing ethanol/water separation.  
By synergizing holistic multi-scale modeling (from ab initio calculations, 
molecular simulations to breakthrough predictions), CO2 capture and biofuel 
purification have been comprehensively examined in various MOFs, including 
designed Zr-tetrazolate MOFs. This thesis provides microscopic insights into 
adsorption mechanisms and design guidelines for the two major applications. 
The polar functional groups and Lewis basic moieties are revealed as 
favourable adsorption sites for CO2, indicating such modification is promising 
to develop new MOFs for CO2 capture. Based on structure-performance 
relationships, guidelines toward designing new MOFs are proposed to 
optimize CO2 separation from various gas mixtures. On the other hand, the 
hydrophobicity of ZIFs is revealed to be significant in the selective adsorption 
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of ethanol over water. The MOFs preferential for biofuel purification should 
be hydrophobic, meanwhile maintain high alcohol adsorption capacity.  
10.2 Future Work 
Two major applications, CO2 capture and biofuel purification, have been 
investigated in this thesis. Due to the highly tunable feature, MOFs can be 
further molecularly engineered and designed for various applications. The 
recommendations for future work are outlined below.  
10.2.1 Design of Zr-MOFs for CO2 Capture 
Based on tetrazolate linkers, 33 Zr-MOFs have been designed and 
examined for CO2 capture. Clear correlations among structural properties and 
separation performance parameters are established. Due to the high stability of 
Zr-MOFs, it is of great interest to extend the current 33 Zr-MOFs to more 
possible candidates. One way is to introduce different N-containing linkers to 
each topological net. This will not only strengthen the correlations existing for 
the 33 Zr-MOFs, but also provide an opportunity to quantitatively examine the 
effects of different linkers on CO2 capture. On the other hand, in addition to 
topological nets with 12 and 8 coordinated vertices, 10 coordinated vertices 
can be also used to design new MOFs. Bon et al. reported the first 10 
coordinated Zr-based MOF (DUT-69) with bct topology.256 Yaghi and co-
workers synthesized MOF-802 containing 10 coordinated Zr clusters, 
exhibiting excellent stability under moist conditions.161  
10.2.2 Design of ZIFs for Biofuel Purification 
ZIFs have been computationally designed and screened for CO2 capture 
Lin et al.310 Nevertheless, little has been explored on the overall structural-
performance relationships for biofuel purification in ZIFs. According to this 
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thesis and several previous studies,169,171 ZIFs usually possess hydrophobic 
structures, leading to selective adsorption of alcohol over water. This makes 
them well suited for biofuel purification. In this regard, we plan to further 
implement the method in Chapter 6 to design new ZIFs with various 
topologies and linkers. Structural properties as well as separation performance 
will be characterized and correlated. By combining the correlations and 
previously unravelled microscopic insights, more rational design guidelines 
will be obtained to facilitate the development of new ZIFs for high-
performance biofuel purification.  
10.2.3 Design of Water Stable MOFs for Desalination 
Fresh water is indispensable to human life and societal activities. The 
scarcity of fresh water resources and the need for additional water supplies 
become increasingly crucial worldwide. More than 95% of water on the Earth 
is seawater, which could supply abundant fresh water after economical 
desalination. Currently, the most commonly used technology for water 
desalination is vacuum distillation, which however is energy-intensive 
involving large-scale infrastructure. With low energy consumption and capital 
cost, membrane technology turns out to be promising for this application. 
While different types of membrane materials (e.g. polymers and ceramics) 
have been tested for desalination, MOFs with great structural tunability are 
receiving considerable attention, particularly water stable Zr-MOFs. Recently, 
Liu and co-workers synthesized UiO-66 (Zr-MOF) polycrystalline membranes, 
and demonstrated high desalination performance up to 170 h in saline 
solutions.311 Nevertheless, detailed mechanism and fundamental understanding 
of this process remain elusive. Therefore, it is of interest to investigate water 
Chapter 10  
186 
 
desalination in MOFs from a molecular level to provide microscopic insights. 
Furthermore, a wide variety of Zr-MOFs with different pore sizes, surface 
areas, topologies, as well as surface functionalities can be computationally 
designed, tested and identified for water desalination.   
10.2.4 Computational Studies for Other Applications 
In addition to CO2 capture, biofuel purification and water desalination, 
MOFs can be used for many other potential applications, such as toxic 
compounds removal in air or water, drug loading and delivery, ion exchange, 
chiral separation, hydrocarbon separation and catalysis. However, there are 
very limited computational studies on these topics and fundamental 
understanding is lacking. Thus, future computational studies are highly desired 
toward these important applications to provide molecular insights, establish 
quantitative structure-performance relationships and develop bottom-up design 
guidelines.   
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